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ABSTRACT
A MULTIMODAL APPROACH TO INVESTIGATE BRAIN
REORGANIZATION AFTER SPINAL CORD INJURY USING FUNCTIONAL
MAGNETIC RESONANCE IMAGING AND FUNCTIONAL NEAR-INFRARED
SPECTROSCOPY
by
Keerthana Deepti Karunakaran
Traumatic Spinal Cord Injury (SCI) results in structural and functional neurological
changes at both the brain and the level of the spinal cord. Anatomical studies indicate
decreased grey matter volume in sensorimotor and non-sensorimotor regions of the cortex
following SCI; whereas, neurophysiological findings mostly report altered functional
activity in the sensorimotor nodes of the cortex, subcortex, and cerebellum. Therefore, it is
currently unknown whether tissue atrophy observed in non-motor related areas has any
concomitant functional consequences. Furthermore, the neural underpinnings of adaptive
neuroplasticity after SCI is not well-defined in the current literature. Hence, this
dissertation is a pioneer study investigating the structural and functional changes in the
whole brain after SCI, with particular focus on subcortical regions, using a multimodal
approach employing magnetic resonance imaging (MRI), resting-state functional MRI
(fMRI) and functional near-infrared spectroscopy (fNIRS), that may take best advantage
of each of these three tools. MRI scans from 23 healthy controls (HC) and 36 individuals
with complete SCI within two years of injury were used to demonstrate that both injury
level and duration since injury are important factors contributing to recovery. Specifically,
cervical level injury when compared to thoracolumbar level injury exhibits a greater loss
of cortical grey matter volume in the orbitofrontal cortex, insula, and anterior cingulate
cortex. Next, using the fMRI scans of the same participants during a resting-state scan, the

intrinsic functional connectivity of the mediodorsal, pulvinar and ventrolateral nuclei of
the thalamus to the regions of salient network and the fronto-parietal network is observed
to be dynamic and altered in the SCI group. Lastly, a continuous-wave fNIRS is used to
reliably measure brain function in individuals with SCI during both dynamic and static
tasks while accounting for cerebrovascular reactivity. Five min of resting-state data and 26
min of motor data including finger tapping, finger tapping imagery and ankle tapping were
acquired to identify the spatial activation pattern unique to each of the movement type. A
breath-hold paradigm is also used to quantify cerebrovascular reactivity as a means to
calibrate task activity from neurovascular constraints. Sixteen HC were scanned at two
separate visits to determine the sensitivity and test-retest reliability of fNIRS data from the
sensorimotor cortex. Following validation, the same procedure was repeated in 13
individuals with paraplegia resulting from SCI and 13 HC to quantify alterations in the
cortical activity of the motor cortex and cerebrovascular reactivity between the two groups.
Results indicate that SCI group exhibit altered cerebrovascular reactivity with greater delay
in response and greater pre-stimulus undershoot. As hypothesized, the hemodynamic
response to ankle movement resulted in only a small change in oxyhemoglobin
concentration in the sensorimotor cortex of SCI group when compared to HC. The
application of fNIRS to assess cortical reorganization following SCI is unique and expands
our understanding of the neurophysiology after SCI. It paves the groundwork for extending
the implementation of fNIRS to rehabilitation research and other clinical populations with
vascular dysfunction. This dissertation is one of the first studies to comprehensively
examine both the structural and functional alterations of the brain in humans with complete
SCI and opens promising avenues for SCI research using fNIRS modality.
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CHAPTER 1
OBJECTIVE

Traumatic Spinal Cord Injury (SCI), often caused by compression or contusion of the
spinal cord, is characterized by neurological changes at both spinal and supra-spinal level
of the central nervous system. Hence, even a minor injury has long-term impact on the
patient’s sensory-motor and autonomic functionality leading to paralysis of lower
(paraplegia) or both lower and upper limbs (tetraplegia) with severe cases affecting
respiratory, urinary and gastrointestinal functioning as well1. As of 2018, there are 17,700
new cases of SCI every year in the United States2. Rehabilitative and pharmacological
approaches are found to be effective in regaining, to varying extent, motor, sensory and
autonomic functions3. In spite of treatment, 60-80% of the patients develop maladaptive
outcomes such as nociceptive/neuropathic pain and phantom limb syndrome
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. This

disparity among treatment outcomes can be explained only partly by the heterogeneity in
factors such as age, type of injury, time after injury, duration of therapy, etc., while the
treatment outcomes seem to be predominantly regulated by underlying neuroplasticity
(recovery mechanism)9.
Neuroplasticity is a normal characteristic of the brain during learning and memory
encoding which, in the event of an injury is accelerated, triggering a rapid neural reshaping
at both the level of local synapses and neuronal networks10. Previous research in SCI shows
that lack of sensorimotor drive induces cortical gray matter atrophy accompanied by
functional expansion of the affected sensorimotor area 11-13. Such cortical alterations may
directly or indirectly be influenced by lower motor centers
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12,14,15

. Neurophysiological

findings of SCI patients mostly report an overall decrease in functional activity of cortical
sensorimotor nodes with only a few cases of increased thalamic and cerebellar activity 1618

. As structural findings of SCI patients show decreased grey matter and white matter

volume in both sensorimotor and non-sensorimotor related regions after SCI

19-21

, it is

unknown whether tissue atrophy observed in non-motor related areas has concomitant
functional consequences. Further, it is important to note that not all cortical/subcortical
reorganization after SCI leads to functional recovery as they may also lead to misfiring
causing spasticity, phantom sensations and neuropathic pain9. For example, thalamus
dysfunction has long been associated with SCI pain but is often overlooked due to lack of
non-invasive techniques that can reliably study changes in these regions following SCI
22,23

.Therefore, understanding and identifying biomarkers of maladaptive plasticity will

require a systematic investigation of structural and functional reorganization in cortical and
sub-cortical areas of both sensorimotor and non-sensorimotor function.
Hence, we propose a multimodal approach using Magnetic Resonance Imaging
(MRI), resting-state Functional Magnetic Resonance Imaging (fMRI) and Functional NearInfrared Spectroscopy (fNIRS) to investigate changes in the structural integrity, intrinsic
functional activity and task-evoked activity after SCI.
MRI provides the opportunity to non-invasively and reliably study structural
neuroplastic changes in the human brain. fMRI signal measured in response to different
motor tasks can indirectly elucidate the local changes in neural activity associated to the
motor task between patients and motor-intact individuals. Resting-state fMRI is a popular
variant of fMRI widely used to study whole brain intrinsic activity in the absence of an
exogenous stimulus24-27. Large-amplitude spontaneous low-frequency (~0.01-0.1 Hz)
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fluctuations in the fMRI signal can be temporally correlated across brain regions to obtain
a measure of functional integration across cortical and subcortical areas 28. However, taskfMRI is based on the assumption of consistent neurovascular coupling between different
regions29. Individuals with SCI especially at or above the T5 level experience impairment
in the properties of cerebral blood flow viz dynamic cerebral autoregulation,
cerebrovascular reactivity and neurovascular coupling30 signifying that motor task-evoked
activation measured using fMRI may not represent true neuronal effects without
consideration of its vascular etiology. fNIRS, unlike task-based fMRI, can directly measure
the oxy and deoxyhemoglobin concentration in response to diverse type of movements31.
By quantifying the net increase in hemoglobin concentration in response to a simple
vasoactive stimulus termed as cerebrovascular reactivity32, we could independently assess
the effect of vascular differences on task-evoked functional alterations after SCI. In
addition to improving our understanding of supraspinal pathophysiology after SCI, the
feasibility of fNIRS in detecting motor-related reorganization would also help future
studies to test naturistic movements involved in physical therapy to understand and
improve therapeutic techniques. To this end, we propose the following specific aims and
sub aims,
1

Investigate the differences in the brain tissue volume between SCI and healthy controls
(HC) and the effect of duration of injury on brain tissue volume in SCI using MRI.
(Chapter 3)
1.a

To examine the differences in grey matter volume and white matter volume of
the brain between paraplegic SCI, tetraplegic SCI and HC
Hypothesis: Deafferentation will lead to widespread decrease in grey matter
volume and white matter volume in SCI and the extent of grey matter loss will
be proportional to the extent of injury.
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1.b

Investigate the effect of duration of injury on the grey matter and white matter
volume after SCI.
Hypothesis: Longer durations of deafferentation will lead to greater loss of grey
matter volume and white matter volume in the brain after SCI.

2

Investigate differential functional connectivity patterns of cortical and subcortical
structures in SCI in comparison to HC using fMRI. (Chapter 4)
2.a

Determine the differences in resting state functional connectivity (RSFC) of
whole brain between SCI group and HC.
Hypothesis 1: SCI will result in greater resting state parameters in sensorimotor
and secondary sensorimotor regions involved in sensory-based attention as a
compensatory response to loss of sensory afferents.
Hypothesis 2: SCI will result in altered functional connectivity in regions of
altered grey matter volume.

2.b

Determine, using RSFC, alterations in the spatial and temporal extent of
thalamus in SCI when compared to HC.
Hypothesis: As most of the thalamic nuclei relay sensory information associated
to motor commands, SCI will result in altered functional connectivity of multiple
thalamic sub-nuclei associated to various sensory and motor processing.

3

Validate the use of fNIRS to differentiate the brain activity associated to different motor
tasks in SCI when compared to HC. (Chapter 5)
3.a

Compute the test-retest reliability of a) resting-state, b) motor-task and c) breath
hold data in HC recorded during two time points.
Hypothesis 1: Hemodynamic response measured using fNIRS during the
different types of tasks are reliable and reproducible.

3.b

Evaluate alterations in the RSFC of the sensorimotor network in SCI group in
comparison to HC.
Hypothesis: SCI will result in decreased intrinsic functional connectivity of
bilateral primary motor cortex when compared to HC.

3.c

Determine the cerebrovascular reactivity in response to breath holding task in
SCI and HC.
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Hypothesis: Net increase in total hemoglobin concentration in response to a
breath hold induced hypercapnia task will be reduced in SCI patients in
comparison to HC.
3.d

Determine differences in task-evoked hemodynamic response of different motor
tasks while accounting for differences in the cerebrovascular reactivity after SCI.
Hypothesis 1: Hemodynamic response to the different motor tasks are taskspecific and are quantifiable using fNIRS.
Hypothesis 2: Impaired supraspinal control of sympathetic nervous system after
SCI will result in altered neurovascular coupling in SCI patients hence
calibration using breath hold activation will account for the vascular effects on
task induced hemodynamic response.
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CHAPTER 2
NEUROPHYSIOLOGY OF SPINAL CORD INJURY
2.1 Background
Traumatic SCI is usually the result of a contusion or compression of one or more vertebrae
caused by a sudden blow to the spine due to falls, automobile accident, violence etc. As
the spinal cord is the transmission line that carries neuronal signals, SCI disrupts nerve
conduction including somatic and autonomic signals from the brain to the rest of the body
(Figure 2.1a). Depending on the severity of the damage, the injury could result in partial to
complete loss of motor, sensory and autonomic function. The American Spinal Injury
Association (ASIA) has detailed the International Standards for Neurological
Classification of Spinal Cord Injury to classify the neurological extent of injury based on
the completeness of injury (complete or incomplete), level of injury (paraplegia or
tetraplegia) and type of deficit (dermatome/sensory and/or myotome/motor)33.
In a complete spinal cord injury, the spinal cord is severely injured to the extent
that no signals are transmitted beyond the point of injury, resulting in complete loss of
motor and sensory functions in the regions below the injury. In partial or incomplete SCI,
some of the nerve endings are still intact hence retaining some level of motor and/or
sensory functions below the point of injury 34. The body regions with motor and/or sensory
function loss is dependent on the level of the injury/lesion on the spinal cord. Based on the
level of the injury/lesion on the spinal cord, SCI can be classified as paraplegia or
tetraplegia. Paraplegia is the result of an injury or lesion to the thoracic or lumbar regions
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(i.e., T1 or below) of the spinal cord, resulting in complete or partial paralysis of the lower
limbs.
Tetraplegia is caused by an injury to the cervical segments (i.e., C7 and above) of spinal
cord, resulting in complete or incomplete/partial paralysis of all four limbs with varying
levels of autonomic impairment35. Based on the anatomical location of lesion within the
cord the injury may also be classified as anterior cord, brown-sequard’s, cauda equina,
central cord or posterior cord syndrome.

Figure 2.1 a) Autonomic and somatic effects of Spinal Cord Injury, b) Level of injury and
the extent of paralysis after Spinal Cord Injury.
(Source: https://pin.it/umvcy4jc265ldl)
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Injury or lesion to thoracic cord segments T1 –T5 affects mid-back and abdominal muscles
resulting in the inability of the injured to use their trunk or legs. Injury or lesion to thoracic
nerves T6 –T12 affects the abdominal muscles to below abdominal muscles leading to
weak or no voluntary control of lower extremities but normal upper body movement with
some ability to control and balance the trunk. Injuries to lumbar and sacral regions also
cause some loss of function to lower extremities especially legs and hips as shown in Figure
2.1b. Consequently, individuals with thoracolumbar injury with no sensory or motor
functions in their sacral segments are referred to as individuals with complete paraplegia.
While individuals with cervical cord level injury and no sensory or motor functions in
sacral segments with or without autonomic dysfunction are referred to as individuals with
complete tetraplegia33. The most prevalent form of SCI is the incomplete tetraplegia,
followed by incomplete paraplegia, although, both complete and incomplete types impose
a challenge for treatment2.
There are currently 288,000 people living in the United States with SCI with
approximately 17,700 new cases added every year. The average age of individuals with
SCI is 43 years and the average life expectancy for someone at 40 years of age is between
9-35 years depending on the level and extent of the injury2. With improved life expectancy
and mounting number of people living with SCI, there is an urgent need to address the
various functional limitations and altered quality of life in these individuals. SCI primarily
affects the mobility of individuals, most of whom are young and middle-aged people in the
most productive phase of their life. Thus, adversely affecting their ability to perform
activities of daily living and their quality of life, in many cases requiring caregivers to
perform activities of daily living. In addition, they also present with secondary
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complications (such as cardiovascular, genitourinary and respiratory problems etc.)
requiring frequent hospital revisits. The incidence of sensory abnormalities such as
neuropathic pain, phantom limb syndrome and spasticity are also high, unpredictable and
resistant to pharmacological treatment36,37. In addition to the personal costs, the societal
cost is substantial with approximately $14 billion expenditure on their care and
management each year.
Immediately after SCI there is a high risk of developing spinal shock which is the
loss or depression of spinal reflexes below the level of injury38. Development of spinal
shock has been associated with poor neurorecovery than those without. Further the
pathological changes at the site of injury include hemorrhagic necrosis in the grey matter
and white matter leading to edema and ischemia38. Hence the immediate treatment strategy
of the physician is to prevent further damage to the spinal cord, prevent spinal shock and
preserve neural tissue for neurorecovery. Subsequent treatment involves conventional
physical therapy to induce functional recovery, although, complete neurological recovery
is elusive with only a small fraction (~1%) attaining complete recovery at the time of
hospital discharge.
Researchers are continually studying the mechanisms of secondary damage to the
spinal cord including restriction of blood flow, excitotoxicity, inflammation, free radical
release, and apoptosis to save axons and reduce disabilities1. Again however, the number
of individuals achieving complete neurological recovery is miniscule compared to the 6080% of patients developing maladaptive conditions such as neuropathic pain6,39. The huge
variance among patients in terms of age, type of injury, severity of injury, time after injury,
duration of therapy, mechanism of recovery etc. makes it difficult to determine a definite
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recovery path. Therefore, identifying the mechanisms leading to desirable and undesirable
outcomes is of clinical importance that is yet to be fully understood.

2.2 Neuroplasticity after SCI
The neurorecovery process of the central nervous system (at the spinal cord as well as the
brain) entails a phenomenon known as neuroplasticity. Neuroplasticity is a normal
characteristic of the nervous system necessary for learning, and memory encoding that in
the event of an injury becomes accelerated to protect and induce a rapid neural reshaping
at the level of local synapses as well as at the level of neuronal networks10. The course of
this reshaping (reorganization or remapping) in the spinal cord and brain is thought to be
decided by the set of cellular events that occur during the acute phase (1-3 months postinjury). And may continue in the spinal cord, brainstem and brain for months to years after
the injury and do not always result in functional recovery9. Molecular and neurochemical
changes at the site of injury include neuronal and glial cell death by necrosis and
hemorrhage40. In addition to the cellular damage, immune response to the injury releases
cytokines, growth factors and neurotrophins that influence the outcome of nerve damage
at the site of injury and in supraspinal centers of the body40. Hence, neuroplasticity after
SCI involves an intricate relationship between neurochemical, physical and functional
changes at the level of the spinal cord, that reflect/drive neuroplastic changes in the
brainstem, subcortex and cortex.
It is known through animal and human studies that the lack of sensory drive induces
a protective functional reorganization in the primary motor (M1) and somatosensory (S1)
cortex of the brain associated with lost peripheral function9,13,15,18,41-44. Reorganization or
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rewiring may occur due to long term deafferentation leading to dendritic sprouting or
deafferentation causing disinhibition of suppressed inputs or even due to long term
potentiation of weaker synapses41. Such cortical changes are thought to originate from both
dormant synapses and emergence of lateral connections at the level of brainstem and
thalamus15,41; however, it is unknown whether subcortical changes influence other cortical
and subcortical regions (outside of the sensorimotor core) to adapt, compensate or respond
to the cortical region that lost sensory afferent innervations15.
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CHAPTER 3
ANATOMICAL BRAIN DIFFERENCES AFTER SPINAL CORD INJURY
(AIM 1)

3.1 Introduction

3.1.1

Background

The pathophysiology of SCI is not caused by lesions in the brain, although animal and
human studies have shown that structural alterations in S1 and M1 contribute significantly
to behavioral recovery in both SCI and stroke45-47. Our ability to gain a detailed
understanding of the mechanisms that mediate such cellular to large-scale changes in the
human central nervous system has been limited by the lack of noninvasive tools.
Neuroimaging provides the perfect opportunity to reliably and non-invasively study the
neuroplastic changes of the brain in humans. Current neuroimaging techniques enable
examine the structure, function and biochemical activity of the nervous system either
directly or indirectly48. Techniques such as magnetic resonance imaging (MRI) or
computed tomography are primarily used to capture high-resolution structural
characteristics of the brain to measure the morphological differences associated to injury,
neurological conditions and healthy aging process. MRI is predominantly favored over
other imaging modalities for diagnosis and prognosis due to the high spatial resolution and
non-invasive non-ionizing nature of the technique49.

3.1.2

Magnetic Resonance Imaging

MRI was first developed in late 1970’s after the discovery of the nuclear magnetic
resonance phenomenon50. Based on the nuclear magnetic resonance property, a
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radiofrequency emitted at the resonance frequency can excite the hydrogen molecules in
the biological tissue triggering it to switch energy states and emit electromagnetic signal in
the process. The electromagnetic signal is then acquired in the frequency space and
transformed using inverse Fourier transform to generate 3-D images. Since its
development, MRI has become the gold standard for studying neurological changes in
tissue structure due to its excellent resolution and detail in differentiating the different
tissue types. MRI allows the visualization and segmentation of the spinal cord, soft tissues,
disc, brain tissue and fluid better than other imaging modalities. Kulkarni and colleagues
were the first to apply MRI in people with SCI to identify patterns and features such as
hemorrhage and edema in the spinal cord that could help prognosticate the injury51.
Subsequently, MRI of the brain stem and brain in the sub-acute or chronic period has
become an excellent tool to gain insight into the evolution of changes in supraspinal tissue
morphology especially in individuals with pathological conditions such as SCI, traumatic
brain injury, Alzheimer’s etc52-55.

3.1.3

Application of Magnetic Resonance Imaging in SCI

An early study by Wrigley and others showed reduced cortical grey matter volume (GMV)
in M1, medial prefrontal cortex, anterior cingulate cortex, temporal cortex, hypothalamus
and insular cortex in individuals with complete paraplegic SCI subjects using MRI.

56

Similar effects on sensorimotor cortex have been demonstrated in tetraplegic SCI using
voxel based morphometry (VBM) and cortical thickness technique.19 Particularly, decrease
in grey matter density or GMV has been observed in denervated leg area of M1 and S1.
Decrease in white matter integrity of motor cortex and visual cortex after SCI is also
reported.57 However, these results have not been consistent with the past literature, where
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some studies report no differences in cortical GMV after SCI.20,58 A more recent study
showed an association between decreased GMV in S1 and presence of neuropathic pain in
SCI.59 While, Yoon and colleagues reported decreased metabolism in dorsolateral and
medial frontal cortex and decreased GMV in anterior insula and anterior cingulate cortex
in individuals SCI and neuropathic pain.

60

These differences between studies may be

attributed to differences in age, level of injury, completeness of injury, duration of therapy,
secondary deficits etc. For example, Villiger and group demonstrated an increase in cortical
GMV after a mere 4 weeks of rehabilitation in Chronic SCI individuals, clearly indicative
of the effect rehabilitation may have on brain structure.14
The work of Bruehlmeier (1998) revealed that the magnitude of cerebral activation
during hand movement measured using positron emission tomography is affected by lesion
level with higher lesion levels causing greater activation.61 Moreover, as the extent of
sensorimotor and autonomic impairments are greater in cervical SCI when compared to
thoracic or lumbar injury simply due to greater number of enervations received at these
spinal cord locations; a difference between paraplegia and tetraplegia types of SCI is
expected. However, no studies have demonstrated cortical structural differences between
paraplegia and tetraplegia types of SCI.
The present study sought to investigate group differences while accounting for
factors other than rehabilitation that could influence GMV and white matter volume
(WMV) in SCI. By studying complete SCI within the first two years of injury, we expect
to mitigate any possible effects from between subject differences in completeness of injury
or long post injury durations that other studies may have encountered. Here, we
hypothesized that individuals with complete SCI would demonstrate decreased GMV and
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decreased WMV reflecting the level of function retained, with higher injury levels causing
greater loss of sensory and autonomic afferents and therefore greater GMV loss. To test
the hypothesis we applied VBM technique using high resolution MRI on complete SCI
individuals within two years of injury in comparison to HC while adjusting for age and
total GMV 62,63 .

3.2 Methods and Materials

3.2.1

Participants

Twenty-three healthy participants and thirty-six age matched individuals with complete
traumatic SCI (24 paraplegia, 15 tetraplegia) were recruited in this study. All participants
were right handed with no history of psychiatric disorders or brain trauma and were in a
stable, chronic clinical condition. Further, a comprehensive neurological examination was
performed on all participants to exclude accompanying neurological disorders of the
peripheral and central nervous system. The level and extent of SCI were assessed based on
the International Standards for Neurological Classification of Spinal Cord Injury
(ISNCSC) that allows performing semi-quantitative assessment of motor (10 muscles on
each side of the body) and sensory deficits (pin prick and light touch) in the lower and
upper extremities. These scores were used to clinically characterize the type (paraplegia or
tetraplegia) and extent (complete or incomplete) of injury. All the procedures were
performed in accordance to the guidelines approved by the Ethics Committee of Third
Hospital of Hebei Medical University and all participants gave their written consent to
participate in the study.
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3.2.2

MRI Acquisition and Preprocessing

High resolution structural images were acquired using magnetization-prepared rapid
gradient echo sequence (MPRAGE). The imaging parameters for anatomical images were
as follows: FOV = 240 mm, 512×512 matrix, TR = 2300 msec, TE = 2.91 msec, flip angle
= 90°. The whole brain was imaged in an axial configuration where 176 slices were
collected, and each slice was 1 mm thick.
The data processing was performed using CAT12 toolbox (http://dbm.neuro.unijena.de/cat/)

an

extension

of

Statistical

Parametric

Mapping

(SPM12)

(http://www.fil.ion.ucl.ac.uk/spm/) software under MATLAB R2012b environment
(http://www.mathworks.com/). The origin of anatomical images was manually centered to
anterior commissure of the brain for all subjects to reduce local maxima problem during
normalization. The reoriented images were corrected for bias field in-homogeneities and
normalized using an affine transform. The bias-field corrected images were segmented to
grey matter, white matter and cerebrospinal fluid probability maps using segment tool of
CAT12 toolbox of SPM12, which is an extension of the default unified segmentation
algorithm. The segmented grey matter images with a resolution of 1.5×1.5×1.5 mm were
normalized to MNI template using Diffeomorphic Anatomical Registration Through
Exponentiated Lie algebra (DARTEL) 64 technique and were accounted for individual brain
size (modulated). The template used for DARTEL registration was pre-generated from the
T1 images of 550 healthy adults available in CAT12 toolbox. As part of the quality check
process, the normalized bias corrected anatomical images were visually inspected for all
subjects to make sure there are no apparent registration errors. Next, the mean overall
correlation and weighted image quality measures available in CAT12 toolbox were
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investigated to identify outliers. Subjects with mean correlation (or weighted image
quality) measure that was 1.5 times the intra-quartile range or more than the third quartile
or less than the first quartile were considered as outliers. One healthy subject and one
paraplegic SCI subject had mean correlation and weighted image quality measure in the
suspected outlier range. Two subjects (1 healthy control and 1 paraplegic SCI) with poor
image quality and 15 patients (7 paraplegic SCI and 8 tetraplegic SCI) with incomplete
sensory motor scores information were removed from subsequent analysis. The segmented
and normalized images of remaining 45 subjects (22 HC, 16 paraplegia and 7 tetraplegia
subjects) were smoothened using an 8mm full width at half maximum Gaussian kernel.
The normalized, modulated and smoothed GMV maps of 45 subjects were used for
statistical analysis. The demographic information of the 23 patients is presented in Table
3.1.
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Table 3.1 Demographic Information of Patients with Paraplegia and Tetraplegia included
in the Current Study
Subject
ID

Age

P001

45

ASIA
Sensory
ASIA Motor
Duration
of
scores (pin prick +
Gender
scores
Injury (Days)
light touch)
(Total: 100)
(Total: 224)
F
53
50
97

P002

45

F

62

50

92

P003

34

M

268

50

96

P004

31

F

113

51

160

P005

34

M

61

50

136

P006

40

M

132

40

136

P007

40

M

300

40

136

P008

25

M

152

54

192

P009

44

M

83

50

136

P010

28

M

88

60

152

P011

25

M

619

70

209

P012

40

M

324

57

162

P013

36

M

72

54

174

P014

25

M

206

65

189

P015

35

M

90

40

132

P016

24

M

329

63

144

T001

27

M

186

30

72

T002

31

M

45

26

96

T003

34

M

58

16

78

T004

42

M

73

20

124

T005

56

M

228

13

18

T006

39

M

55

16

128

T007

27

M

73

7

26

Note: Subject ID P-- and T-- denote paraplegia and tetraplegia subjects respectively.
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3.2.3

Tissue Volumetric Analysis (Aim 1a)

Statistical analysis was performed to identify voxels with significantly altered tissue
volume in paraplegic SCI and tetraplegic SCI when compared with HC.
i)

Voxel Based Morphometry Analysis: Regional tissue volume differences

between HC, paraplegia and tetraplegia groups were computed using one-way ANCOVA
with SPM12’s second level model for each grey matter and white matter tissue probability
maps.65 After checking for orthogonality, TIV, age and gender were added as covariates in
the model to account for inter-subject differences. Total intracranial volume was calculated
from AC aligned MPRAGE images using CAT12 toolbox. Issue regarding multiple
comparison was corrected by applying an extended threshold using false discovery rate
(FDR) approach at uncorrected p<0.001.
ii)

Region of Interest (ROI) Based Analysis: We further performed post-hoc

analysis using ROI based approach on the clusters identified from the above method. Using
the peak F-value coordinates obtained from voxel-wise ANCOVA, a ROI of 5 mm radius
was generated for each of the clusters identified. The underlying volume of all the ROI’s
was extracted for all subjects. A partial-correlation using linear regression was first applied
to remove the effect of total intracranial volume, age and gender on the average tissue
volume of all ROI’s. A two-sample t-tests was performed on the regressed tissue volume
to compare a) HC vs. paraplegia, b) HC vs. tetraplegia and c) paraplegia vs. tetraplegia. A
corrected p-value after FDR correction was used to identify ROIs of significant GMV or
WMV differences for each of the three comparisons.
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3.2.4

Effect of Post-Injury Duration (Aim 1b)

As both spontaneous and treatment induced recovery in SCI is expected to be time
dependent, effect of injury duration on mean a) GMV and b) WMV was computed using a
voxel-wise one sample t-test with effect of injury as covariate of interest and TIV, age and
gender as covariates of no interest. Issue regarding multiple comparison was corrected by
applying an extended threshold using FDR approach at uncorrected p<0.001.

3.3 Results

3.3.1

Tissue Volumetric Analysis (Aim 1a)

i) Voxel-based morphometry analysis: Output of voxel-wise ANCOVA for grey matter
probability maps was threshold at FDR-corrected p<0.05 (uncorrected p<.001 with FDR
extended threshold of 637 voxels). As displayed in Figure 3.1, one-way ANCOVA
comparing the groups resulted in altered GMV in 2 clusters.66 The peak difference between
the three groups was observed in cluster 1 centered at right olfactory cortex extending
dorsally to the right inferior frontal gyrus pars orbitalis and cluster 2 centered at right midorbital gyrus extending laterally to left mid-orbital gyrus, left ACC and ventrally to right
rectal gyrus. A total of 2 clusters with peak activation in 5 regions survived the statistical
threshold and their coordinates are presented in Table 3.2. Voxel-wise ANCOVA
comparing WMV between the three groups resulted in no significant effects after FDR
correction, therefore the subsequent ROI based analysis was performed only for the results
from GMV comparison. These findings are also presented in the recent publication63.
ii) ROI based analysis: ROI based analysis was performed on the five regions listed in
Table 3.2. HC and paraplegia in general appear to have greater GMV than tetraplegia in all
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five ROI’s (shown in Figure 3.2). Two sample t-test comparing the GMV of the five ROI’s
between HC and paraplegia revealed no significant difference (p>0.05) between the two
groups after multiple comparison correction. However, two sample t-tests comparing the
GMV of the five ROI’s between a) HC and tetraplegia and b) paraplegia and tetraplegia
revealed significant difference in all five ROI’s at FDR-p=8.97x10-5 and FDR-p=0.0.0398
respectively.

Figure 3.1 T-statistics map showing regions of right inferior frontal gyrus and bilateral
mid orbital gyrus extending to anterior cingulate cortex with significantly altered GMV
between the three groups at FDR corrected p<0.001, k=637 voxels. Z values on top
represent the Z coordinate in MNI space. The color bar represents F-values shown in the
f-statistics maps.
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Table 3.2 List of Regions with Altered GMV between the three groups
Cluster
Cluster Size
MNI ANAT Regions*
(Voxels)
Right Olfactory Cortex (R.OC)
1

637

F-value x, y, z (mm)*
20.51

Right Inferior Frontal Gyrus Pars 15.23

+26 +9

-15

+36 +18 -18

Orbitalis (R.IFG)

2

744

Right Mid Orbital Gyrus (R.MOG) 12.90

+10 +33 -15

Left Rectal Gyrus (L.ReG)

12.75

-8

+38 -18

Left Mid Orbital Gyrus (L.MOG)

12.24

+0

+33 -14

Note: Results shown at FDR-corrected p<0.05 and their peak F-values. * indicates coordinates of the peak
voxel in each cluster based on MNI Macro Anatomical label.

Figure 3.2 ROI based analysis of regions obtained from voxel-wise ANOVA: Bar plots
of average GMV of the five clusters for HC, Paraplegia and Tetraplegia groups. * indicates
a statistical significance of FDR-corrected p<0.05 between the groups. Error bars indicate
standard error of mean.
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3.3.2

Effect of Post-Injury Duration

Voxel-wise one sample t-tests for mean effect of injury duration on GMV at a lenient
threshold of p<0.005 with k=1443 voxels resulted in numerous areas that were positively
correlated with injury duration. The GMV of left middle frontal gyrus (MFG), left inferior
frontal gyrus/anterior insula (IFG/INS), bilateral mid orbital gyri (MOG), right superior
frontal gyrus (SFG) and right superior temporal gyrus (STG) extending to right
intraparietal lobe in SCI group appears to decrease immediately post-injury and increase
in the months after injury. As seen in Figure 3.3b, increasing the threshold to p<0.001 with
k=1549 voxels resulted in only one cluster with peak T-value in L.IFG pars triangularis,
centered at L.MFG that demonstrated a positive correlation with duration of injury. The
Pearson’s correlation between average GMV (after accounting for TIV, age and gender) of
L.MFG/L.IFG with duration of injury was + 0.844 (shown in Figure 3.3). The list of
significant clusters and their coordinates are summarized in Table 3.3.
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Figure 3.3 Effect of duration of injury on GMV: a) At a lenient threshold of uncorrectedp<0.005 with k=806 voxels, regions of left middle frontal gyrus (MFG), left inferior frontal
gyrus/anterior insula (IFG/INS), bilateral mid orbital gyri (MOG), right superior frontal
gyrus (SFG) and right superior temporal gyrus (STG) are positively correlated with
duration of injury in SCI group. b) At uncorrected-p<0.001 with k=1549 voxels, a cluster
with peak T-value at L.IFG pars triangularis and centered at left MFG, is positively
correlated with duration of injury in SCI group. c) Scatter plot demonstrates the
relationship between average GMV of left MFG cluster (1549 voxels) from plot b and
duration of injury (in days) in SCI group. For reference, the dashed line and the shaded
area indicates the mean and standard deviation of GMV of left MFG cluster in HC. The
values on top of T-maps represent the Z coordinate in MNI space. The color bar represents
the T-values of the map shown.
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Table 3.3 List of Regions with Significant Positive Correlation between Grey Matter
Volume and Duration of Injury in SCI group
Cluster
TCluster Size

MNI ANAT Regions

*

x, y, z (mm)*
value

(Voxels)

1

2

3

3750

1443

3721

Left Middle Frontal Gyrus

8.62

-42

+45

Left Middle Frontal Gyrus

5.62

-44

+34 +22

Left Posterior Orbital Gyrus

5.39

-27

+22 -10

Right Superior Temporal Gyrus

5.49

55

Right Middle Temporal Gyrus

4.93

+51 -48

+10

Right Angular Gyrus

4.56

+56 -54

+20

Left Medial Frontal Cortex

5.15

-10

46

-14

Right Superior Frontal Gyrus

4.89

14

56

21

Right Superior Frontal Gyrus

4.84

15

42

32

-38

+10

+15

Note: Results shown at uncorrected voxel wise threshold of p<0.005, FDR cluster=1443 voxels * indicates
Coordinates of peak statistical difference in each cluster based on MNI Macro Anatomical label. T-value
column represents the t-value of peak coordinates.
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3.4 Discussion

3.4.1

Cortical Grey Matter Atrophy after SCI

In the first analysis comparing GMV of HC, paraplegia and tetraplegia, 2 cortical clusters
were significantly altered at FDR-corrected p<0.05, that too predominantly extending to
IFG/aINS, olfactory cortex, bilateral MOG and ventral ACC. In contrast, no regions
showed significantly altered WMV between the three groups. Although several studies
have observed grey matter differences within the sensorimotor regions, only a small
number of studies have shown GMV differences in secondary motor related regions after
SCI. Even fewer studies have reported decrease in white matter volume of bilateral
pyramids and cerebral peduncle after SCI 19. Our results overlap with Wrigley, P.J. (2009),
where they show decreased GMV in regions associated with emotion such as medial
prefrontal cortex, anterior cingulate cortex along with insula and hypothalamus in complete
thoracic SCI at an average post-injury duration of 12 years.

56

In addition to disrupting

motor and sensory pathways, SCI also causes deafferentation of visceral and skin
interoceptive afferents to the neocortex. Interestingly, orbito-frontal cortex, ACC, insula
and operculum, are also the major locations of interoceptive and affective processes.
Orbito-frontal cortex is believed to be involved in emotional executive functioning by
conveying the affective value of external sensory information to the autonomic nervous
system through reciprocating connections to both the amygdala and sensory cortices (as
seen in primate tracing studies).67 The level of interoception sensitivity has been shown to
positively correlate with extent of emotions experienced in healthy individuals. 68 In fact,
Pistoia, F. and colleagues have shown decreased interoceptive awareness in patients with
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SCI while responding to an emotional stimulus. 69 Therefore, we could argue that lack of
interoceptive inputs could have influenced alterations in GMV of these regions.
Furthermore, it is known through several studies that regions of orbito-frontal
cortex, ACC, pre-frontal cortex, insula along with subcortical regions present with
decreased GMV as a pain signature in certain pain conditions.

70,71

Though it is well

established that chronic pain is a common comorbidity of SCI, the lack of information
regarding the pain status of the current cohort makes it difficult to conclude these GMV
changes as neural correlates of acute or chronic pain.
While patients with SCI frequently experience impairments of physiological,
nociceptive and affective nature; olfactory dysfunction, is rather an under explored but not
atypical consequence of SCI.

36,72-74

Loss of GMV in the orbitofrontal cortex and insular

cortex regions is common to both idiopathic olfactory dysfunction and chronic
rhinosinusitis conditions with olfactory deficits 75,76. A similar decrease in GMV of these
regions after complete SCI suggests possible effect of cortical grey matter atrophy on
olfactory functioning in these patients. For that reason, further studies are required to
comment on the dynamic relationship between interoception and affective processing in
SCI to identify whether lack of interoceptive inputs could consequently alter emotion, pain
and olfactory processing that further depreciates the quality of life for these individuals.
While these outcomes contradict the findings of the studies that report no grey
matter structural changes after SCI, it is also interesting that we did not observe significant
GMV differences within sensorimotor regions as majority have reported.

19-21,58,77

These

studies have shown significant decrease in GMV of M1 and S1 areas representing lost
motor function. Different rehabilitation techniques could have contributed to this disparity;
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though, it is important to note that GMV differences interpreted as grey matter loss could
also occur due to underlying cellular differences in cell size, axonal sprouting, dendritic
pruning, angiogenesis as well as non-neuronal changes that all contribute to some of the
opposing observations between VBM studies. 78
All ROI’s showed a similar trend in difference between the subgroups where
tetraplegia had greater GMV loss than paraplegia. It would be safe to assume that higher
cord level injuries are expected to result in greater loss of cortical GMV although the
magnitude of GMV may not necessarily be proportional to the severity of the injury.
Greater decrease in cortical GMV after tetraplegia when compared to paraplegia could
simply be due to greater functional retention in paraplegia. For example, injury to C8
results in 22 disconnected segments, 12 thoracic, 5 lumbar and 5 sacral segments as
compared to an injury to T7 resulting in 15 disconnected segments, 5 thoracic, 5 lumbar
and 5 sacral segments. In addition, the cross-sectional area of C2 level is reported to be
smaller in the anterior-posterior direction of tetraplegia group than paraplegic group likely
suggestive of wallarian axonal degeneration following tetraplegic SCI 79. Furthermore, IFG
including pars triangularis (BA 45) and dorsal lateral prefrontal cortex (BA 46) has been
shown to be associated with resolving incongruence between intention and sensory
feedback of motor movements.80 It is agreed upon that SCI patients lack proprioceptive
information to successfully initiate feedforward or feedback pathways and rely heavily on
visual relay. Such conflict between intention of movement and sensory feedback is
expected to be substantially higher in tetraplegia due to greater loss of body representation.
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3.4.2

Effect of Post-Injury Duration

Mean effect of duration of injury on the GMV revealed GMV of prefrontal cortex,
orbitofrontal cortex, INS and temporo-parietal regions increased with increasing postinjury duration in SCI group. Spontaneous plasticity following SCI could result in
decreased GMV during the first few months of injury that may improve with time in
response to therapy or residual musculature. 61 Neuroplasticity due to residual musculature
or rehabilitation causing increase in afferents could either present as a protective
mechanism from further GMV loss or increase the susceptibility of the individuals to
spurious neural rewiring leading to maladaptive outcomes. A recent study by Ionta and
colleagues have shown impaired body representation with increased dependency on visual
information (body image) over sensorimotor information (body schema) in complete SCI
81

. Inferior frontal regions along with temporoparietal regions are known to be involved in

generation of visually-guided movements. Collectively, all these allow us to speculate if
the decrease in GMV shortly after injury in cortical structures involved in multi-sensory
integration could be a consequence of imbalanced sensory inputs received after SCI.82
Nevertheless, increase in cortical GMV with increasing injury duration indicates the
importance of injury window in studying cortical reorganization following SCI. Due to
lesser GMV loss and greater residual musculature, patients with paraplegia may remain
more receptive to therapy than patients with tetraplegia during the first year of injury.

3.4.3

Conclusion

The present study used VBM technique to delineate grey matter alterations in complete SCI
within two years of injury. Although preliminary in nature, many observations are made in
this study. This study demonstrates cortical atrophy associated with complete SCI and its
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subtypes. We show that cervical level injury when compared to thoraco-lumbar level injury
is associated with greater loss of cortical GMV in non-motor related regions.
A positive association was also observed between cortical GMV and injury duration
in both paraplegia and tetraplegia signifying improved GMV with increased injury duration
is likely due to spontaneous recovery over time. It also supports the notion that both injury
level and duration since injury could be potential contributors to extent of brain
reorganization. In conclusion, VBM could provide useful structural markers in SCI about
injury, recovery and secondary outcomes, though it may require both longitudinal and welldesigned cross-sectional studies that account for both injury level as well as window of
disease condition to minimize the variability between subjects.
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CHAPTER 4
INTRINSIC FUNCTIONAL CONNECTIVITY AFTER SPINAL CORD INJURY
(AIM 2)
4.1 Introduction

4.1.1

Background

Injury-induced reorganization is the complex process of molecular events contributing to
the evolution of adaptive and maladaptive pathological changes at both the site of injury
and the multi-systemic level of the brain

42,44,83

. The previous chapter summarized the

anatomical brain changes observed after complete SCI. However, considering the
complexity of brain pathology, a multi-modal approach to examine the concomitant
functional alterations becomes fundamental to the understanding of the brain mechanisms
involved with SCI. Functional cortical reorganization after SCI in humans is welldocumented using non-invasive functional imaging techniques. Specifically, task-based
fMRI studies have demonstrated an expansion in the somatotopic cortical representation
of the body rostral to the level of injury in SCI patients

19,41,56,84,85

. Numerous researches

have now implemented task-based fMRI in people with SCI where the BOLD signal
changes during passive tactile stimuli or motor movement task is used to study the
functional changes in the sensorimotor cortex and related regions 20,85-94 (list of task studies
utilizing sensorimotor tasks are summarized in Table 4.1).
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Table 4.1 Demographics and Clinical Characteristics of the Main fMRI Studies over the
last Two Decades on Patients with SCI
Authors

N

Age 83

Time
Gender

Level

Degree
since SCI

Lotze et al. 95

4

41–66

3 M, 1 F

3 Complete

6–1456

1 Incomplete

weeks

Complete

4–8 yrs

3 Thoracic, 1 Lumbar

Moore et al. 5

12

33–76

M

Thoracic

Curt et al. (2002)

9

30.3±6.9

6 M, 3 F

4 Thoracic, 5 Lumbar

8 Complete
4–106 mo
1 Incomplete
Jurkiewicz et al. 84

6

28±9

5 M, 1 F

3 Complete

1,3,6,12

3 Incomplete

mo
2–37 yrs

Cervical

Wrigley et al. 56

20

22–63

18 M, 2 F

Thoracic

Complete

Duggal et al. (2010)

12

49.6±12.8

8 M, 4 F

Cervical

Incomplete

18±26 d
204±34 d
Jurkiewicz

et

al.

1,3,6,12
4

20–42

3 M, 1 F

Cervical

Complete

(2010)

mo
2 Complete

Freund et al. 19

10

47.1±10.7

M

Cervical

7–30 yrs
8 Incomplete

Lundell et al. 20
Lundell

et

19

46±12

18 M, 1 F

15 Cervical, 3 Thoracic, 1 Lumbar

Incomplete

1–18 yrs

19

46±12

11 M, 3 F

15 cervical, 3 Thoracic,1 lumbar

Incomplete

1–18 yrs

24

22 M, 2 F

al.

(2011b)
11
Jutzeler (2015)
Awad A (2015)

1

59

1M

Stroman (2016)

16

50.1±16

13 M, 3 F

Cervical,

15

Thoracic

and

11 Complete

Lumbar

13 Incomplete

Cervical

Complete

14 Cervical

5 Complete

2 Thoracic

11 Incomplete

29 yrs
5-37yrs

Wrigley (2018)

23

43±13

19 M, 4 F

Thoracic

Complete

Chen Q (2019)

13

51.3±6.4

10 M, 3 F

Cervical

Incomplete

11.5±15.2d

* N: Number of Patients; M: Male; F: Female; Complete: total loss of sensory/motor function

The study by Henderson and colleagues using task-based FMRI during passive
brush stroke in complete thoracic SCI showed expansion of the finger region of the
somatosensory cortex to medial cortical regions that encode for lower limb function41. Such
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cortical reorganization is assumed to play a critical role in decelerating the grey matter and
white matter atrophy that may have resulted otherwise. The majority of SCI research on
functional recovery has focused on cortical reorganization, even though reorganization is
known to occur at subcortical structures44. A study on monkeys with unilateral
corticospinal tract lesion showed that the monkeys were able to recover voluntary control
of limbs when red nucleus found in tegmentum was intact96. Presence of corticorubrospinal tract indicates a functional redundancy but red nucleus activating both during
extension and flexion may indicate reorganization. This supports the presence of
somatotopic remapping in subcortical structure with redundant connections. Lenz et al.
revealed that ventral thalamic cells that normally receive input from upper extremities
began responding to inputs from neck and occiput in humans with complete SCI97.
However, it is believed that subcortical regions (in addition to the thalamus) may
directly or indirectly impact changes in the cortical regions. The role, if any, played by
subcortical plasticity in functional recovery is yet to be fully understood. Besides, not all
cortical/subcortical reorganization leads to function recovery as it also occasionally leads
to misfiring causing spasticity, phantom sensations and neuropathic pain, a major downfall
in some SCI cases9. Moore and colleagues using tactile stimuli demonstrated that
somatosensory regions responding to referred sensations co-activate with non-adjacent
motor regions that are being stimulated, indicating a sub-cortical reorganization driving the
cortex5. In fact, reports from over a century ago show that SCI pain may be associated with
abnormal activity in thalamus 23. Unfortunately, subcortical plasticity is often ignored due
to lack of non-invasive techniques that can reliably study the changes in these regions
following SCI. Hence, cortical/sub cortical reorganization, a dynamic phenomenon
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initiated by SCI requires a well-controlled approach that will enable an understanding of
the pattern of reorganization and consequently help in preventing unwanted outcomes.
The aforementioned is due to the nature of the technique where the type of task
paradigm limits the regions of interest that can be examined by the technique

98

. For

example, a task involving tactile stimuli is predominantly limited to S1 cortex and
secondary sensory integration regions99. Other limitations of the task-based fMRI
technique include 1) difficulty performing tasks when the participant is cognitively or
functionally impaired, 2) low signal usability (only ~30% with majority as noise), and
3) confounding factors such as subject specific differences in task strategy, individual
effort, adaptation, disease abnormality etc100. A promising alternative is the resting-state
fMRI (RS-fMRI) technique that warrants the measurement of brain activity in the absence
of an explicit stimulus28,101. This can be advantageous to the study of SCI due to its ability
to analyze multiple networks using a single resting-state scan at a high signal to noise ratio
while eliminating the confounding factors introduced by tasks.

4.1.2

Resting-State functional Magnetic Resonance Imaging

fMRI detects brain activity on the basis of neurovascular coupling where a change in
neuronal activity is indirectly reflected as a change in local perfusion measured in the form
of blood-oxygenation level dependent signal

102

. Increase in neuronal/synaptic activity

increases the metabolic consumption of glucose, releases vasoactive ions and releases
vasoactive neurotransmitters causing an inflow of blood flow and blood volume to
replenish the consumed oxygen102. The resulting disparity in the magnetic environment
due to differences in concentration of paramagnetic (deoxyhemoglobin) and diamagnetic
(oxyhemoglobin) molecules of a tissue creates a contrast in the BOLD signal. For example,
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during a directed task, the brain regions associated to the task exhibit a transient decrease
(reflecting increasing deoxyhemoglobin) followed by an increase (reflecting incoming
blood flow) in the BOLD signal of that region known as hemodynamic response
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;

whereas regions unrelated to the task show no significant change in BOLD signal.
Fascinatingly, the hemodynamic response of the brain in the absence of an explicit stimulus
or resting-state is thought to reflect the inherent baseline activity of neurons across the
whole brain.
The significance of inherent fluctuations in the BOLD signal was first demonstrated
by Biswal and colleagues28, where, by using a standard fMRI acquisition on subjects
performing no particular task the authors concluded that the brain is still highly active
during rest. The authors specifically demonstrated that the low frequency fluctuations (<0.1
Hz) of BOLD signal of the motor cortex in the two hemispheres are highly correlated.
Since then numerous studies have validated the method to be a robust technique to reliably
identify the resting-state functional connectivity (RSFC) of different regions forming
networks known as resting-state networks 24,104-106. The RSFC of two regions is defined as
the statistical measure of the level of synchronization between the BOLD time series of
those two regions. The standard resting-state networks include sensorimotor, visual,
auditory, salience, central executive, dorsal attention and default mode networks 24.

4.1.3

Application of Resting-state Functional Magnetic Resonance Imaging in SCI

Given the success of RS-FMRI in studying the functional architecture of the brain, both
animal and human research have applied RS-fMRI to SCI population16-18,107-110. RS-fMRI
studies in humans mostly report a decrease in RSFC of cortical sensorimotor regions after
SCI 16-18, though alterations in the lower motor centers such as the basal ganglia, thalamus,
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and cerebellum have also been reported16,17,109-112. Findings from alternative approaches
such as graph analysis have provided evidence for preserved small-world-ness with
reduced local efficiency and greater network modularity and characteristic path length in
the network architecture of SCI patients 110,113. Such alterations in resting state properties
hold significant implications for the prognosis of SCI as RSFC measures of sensorimotor
regions have been shown to be positively correlated with recovery at six months post-injury
18

. Furthermore, RS-fMRI has shown capable of measuring short-term cortical plasticity

after a mere 4-week locomotor training in people with incomplete SCI114. Relatedly, a
clinical case study of a patient with chronic cervical SCI also reported good agreement
between RS-fMRI measures and the clinical presentation of the patient107. Collectively
indicating the potential of RS-fMRI in optimizing therapies for individuals with SCI as
well as aiding in better diagnosis and prognosis. However, the translation of RSFC patterns
into clinically adaptive or maladaptive biomarkers is yet to be established and demands a
better understanding of the subcortical substrates of SCI.
Maladaptive complications of SCI such as neuropathic pain and dysesthesia are
prevalent in ~53% of population with SCI

115

. Neuropathic pain in particular has been

associated with impairment along the spinothalamocortical axis. A longitudinal study on
SCI rat model showed that SCI pain is associated with aberrant functional connectivity
between thalamus and cortical regions of nociceptive processing116. Thalamic dysrhythmia
as a result of deafferentation is also associated with decrease in alpha activity of the cortex
after SCI 97,117,118. Research also illustrates a reduction in grey matter volume, perfusion,
and concentration of N-acetyl aspartate and gamma-aminobutyric acid in thalamic nuclei
of SCI patients and neuropathic pain compared to HC 72,119.
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Outside the role of the thalamus in pain, research suggests that body movement
related cortical reorganization may be mediated by reorganization within the thalamus and
brain stem to recalibrate the integration of multisensory information appropriate to the
altered body state

12,15,120

. Evidence from primate and human anatomical studies

corroborate the possible roles of the thalamus in synchronizing spatially distinct cortical
areas

121

allowing fast multisensory interplay through thalamic sub-nuclei

122

and even

providing a feed-forward circuit through the cortico-thalamic-cortical relays 123,124. Given
the large-scale changes in cortical connectivity after SCI, the new perspective of the
thalamus as both a relay and modulator in cortico-cortico processing leads us to
hypothesize that a compound alteration must occur in the thalamocortical pathways of
different sub-nuclei after SCI. Reorganization in the connectivity of different sub-nulcei
may uniquely contribute and compensate towards the adaptive or maladaptive cortical
changes observed after SCI. Despite the evidence in the literature, the consequences of SCI
on different thalamic sub-nuclei in humans remain mostly unexplored.
Hence, the goal of this study is to investigate the extent of whole brain cortical and
sub-cortical reorganization in individuals with paraplegic and tetraplegic types of SCI
using resting-state fMRI and explore the use of data-driven approach to demonstrate
cortical reorganization of thalamic sub-nuclei corresponding to different functions in SCI
patients. Related findings of different thalamic nucleus in the literature are also discussed
to understand the possible roles of thalamic sub-nuclei in SCI.
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4.2 Methods and Materials

4.2.1

Participants

Participants recruited for the anatomical study were also used for this study. Refer to
Section 2.1.1 of Chapter 2 for inclusion criteria, exclusion criteria of the participants. The
demographics of the SCI group is provided in Table 3.1.

4.2.2

Imaging Parameters

High-resolution structural images were acquired using magnetization- prepared rapid
gradient echo sequence (MPRAGE). The imaging parameters for MPRAGE were as
follows: FOV = 240 mm, 512x512 matrix, TR = 2300 ms, TE = 2.91 ms, flip angle = 90.
The whole brain was imaged in the sagittalconfiguration where 176 slices were collected,
and each slice was 1 mm thick. The spatial resolution of all the anatomical scans was 1 mm
x 0.469 mm x 0.469 mm. The functional images were acquired using echo planar imaging
sequence (EPI) with the following imaging parameters: FOV = 240 mm, 64x64 matrix, TR
= 2000 ms, TE = 27 ms, and flip angle = 90. The whole brain was scanned in an axial
configuration where 20 slices were collected, and each slice was 6 mm thick. The spatial
resolution was 3.75mm x 3.75 mm x 6 mm for all functional scans. During the scan
duration, the subjects were instructed to remain motionless and avoid falling asleep. A total
of 195 volumes were collected over a period of 390 s during the scan.

4.2.3

Data Processing:

The data processing was performed using Statistical Parametric Mapping 12 toolbox
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within the MATLAB environment (Mathworks Inc, Massachusetts, USA). Before
preprocessing the first five time points were removed to reduce transient scanner artifacts
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and the origin of the functional and anatomical images of all participants was manually
reoriented to the anterior commissure of the brain. Preprocessing workflow included the
following procedures. First, head motion correction using a least squared approach and 6
parameters (rigid body) spatial transformation with respect to the first image of the scan
was performed; a total of 43 subjects (19 HC, 17 paraplegic SCI, 7 tetraplegic SCI) were
used for the following steps after eliminating subjects with more than 1 mm head motion
in any direction and individuals with no sensory-motor impairment score. Second, coregistration of anatomical image to the mean functional image of each subject was
performed. Third, segmentation of anatomical images into grey matter, white matter, and
cerebrospinal fluid tissue probability maps was conducted. Fourth, spatial normalization
was done using deformation vector obtained from the segmentation procedure of each
subject and resampling to isotropic voxel size of 3x3x3 mm3. Fifth, regression of the
average white matter and average cerebrospinal fluid time series was extracted from voxels
of white matter and cerebrospinal fluid probability maps with probability>0.98. Sixth,
regression of head motion noise using Friston 24- parameter model was performed (6 head
motion parameters, 6 head motion parameters from previous time point, and their 12
corresponding quadratic parameters)
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. Last spatial smoothening was conducted on the

data using a Gaussian kernel of 8 mm full-width at half maximum followed by a temporal
filtering between 0.01 to 0.1 Hz.

4.2.4

Whole Brain Connectivity Analysis (Aim 2a)

Whole brain RSFC differences between SCI group and HC were examined using ROI
based analysis. The ROI’s were generated using the MNI coordinates of 160 seeds defined
by Dosenbach and colleagues 127 using meta-analysis. A seed of 5 mm radius was generated
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for each ROI using the dimensions of the functional images. The average BOLD signal of
every ROI was then extracted resulting in 160 extracted ROI time series for every subject.
Three ROI’s from the cerebellar network was removed from the analysis as they were
present outside of the brain mask in few subjects. Hence, a 157x157 correlation matrix was
obtained for every subject using Pearson’s r correlation. To identify differences between
HC and the two subgroups of SCI, a one-way ANCOVA accounting for age and gender
was performed on the 12,089 unique ROI pairs. ANCOVA results were threshold at
uncorrected-p<0.001. Resultant ROI pairs were entered into a post-hoc analysis to compare
a) HC vs. paraplegia, b) HC vs. tetraplegia and c) paraplegia vs. tetraplegia. An FDRcorrection was performed to account for multiple comparison problems.

4.2.5

Thalamocortical Connectivity Analysis (Aim 2b)

Abnormal thalamic connectivity based on RSFC in SCI group were first identified using a
data driven independent component analysis. A hypothesis driven approach was later
applied to identify cortical regions differentially connected to the abnormal thalamic
nuclei.
i)

Thalamus Parcellation Using Independent Component Analysis: Thalamus

was parcellated into sub-nuclei using the method applied by Rui and colleagues128. The
method first calculates the whole brain voxel wise connectivity map of every voxel in the
thalamus for all participants. A thalamus mask obtained from Harvard- Oxford cortical and
subcortical structural atlas was down sampled to 3x3x3 mm to use for this analysis. Next,
spatial independent component analysis decomposition was performed on the 4-D dataset
created by concatenating voxel wise functional connectivity maps of all thalamic voxels
from all subjects to generate 20 spatially independent components. Independent component
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analysis was performed using FSL’s MELODIC function129. Out of the 20 spatially
independent components, 10 known resting state networks (primary visual, dorsal
attention, anterior and posteriors default mode network, sensorimotor, left and right
frontoparietal network, salient, auditory, andventral attention metworks) were chosen
manually for the next steps of the analysis. To identify the thalamic voxels associated to
each of the 10 networks, a spatial linear regression model was employed to measure the
contribution of each independent network component to the whole brain functional
connectivity of each voxel. A linear regression model was executed for every voxel of the
thalamus, repeating for every subject. Beta parameter estimates for each of the 10
independent components from the linear regression model was back projected to the
corresponding voxels of every subject. For each of the ten thalamic sub- nuclei beta maps,
FSL’s randomise was used to perform non- parametric voxel wise Two sample t-test and
one-way Analysis of Covariance (ANCOVA) to assess differences in the spatial boundaries
of thalamic sub-nuclei between the two groups and its subtypes (Paraplegia, and
Tetraplegia). Finally, the probability maps using threshold free cluster enhancement
representing difference among the three groups were corrected for family wise error at
p<0.05. A spatial mask, comprising of only the voxels in the thalamus, was used.
ii) Seed Based Analysis: Based on the results obtained from thalamus parcellation,
thalamocortical functional connectivity maps of different thalamic sub-nuclei were
generated using seed-based analysis technique. Six 3-D spherical seeds of 5mm radius were
generated using MNI coordinates of bilateral pulvinar (±15, 31, 5), bilateral mediodorsal
(±6, 16, 9) and bilateral ventrolateral (±15, 13, 9) nucleus 130. Average time series of each
of the six thalamus seeds were extracted as the reference time series for each of the
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participants. Using AFNI’s 3dfim+ function, the whole brain voxel-wise connectivity map
of all six seeds in the thalamus were computed for all participants
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. Each of the

connectivity maps were then converted to z-score maps using r to z fisher transformation.
For next steps of the analysis a 4-D dataset for each of the six seeds were generated by
concatenating the z maps of all subjects. For each of the six thalamic seeds, FSL’s
randomise was used to perform non- parametric voxel wise two-sample t-test using 5000
permutations to assess connectivity differences between the two groups 132. The statistical
design included gender and age as covariates of no interest. Significant effects were
obtained by thresholding the voxel-based probability maps at uncorrected p<0.002 with
multiple comparison correction. A Monte-Carlo simulation was performed using AFNI’s
3dClustSim with the autocorrelation function to compute cluster-size threshold for each of
the six thalamic seeds to correct for the multiple comparison problem. Furthermore, to
exclude regions outside of the brain from statistical analysis, a spatial mask comprising of
only the voxels present across all subjects was used as an inclusive mask.
Lastly, average connectivity measure of all clusters that survived the statistical
threshold was further extracted and correlated with motor and sensory index scores
(pinprick and light touch) of SCI patients using a one-way ANCOVA in MATLAB. The
ANCOVA model was tested for the following: a) mean effect of the motor score on FC
measures and b) mean effect of the sensory score on FC measures while accounting for age
and gender as covariates.
iii) Effect of Post-Injury Duration: For each of the six thalamic seeds, FSL’s randomise
was used to model the effect of injury duration on FC measures utilizing a non-parametric
voxel wise estimation using 5000 permutations. The general linear design included
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duration of injury as a covariate of interest and gender and age as covariates of no interest.
Significant effects were obtained by thresholding the voxel-based probability maps at
FWE-corrected p<0.05.

4.3 Results

4.3.1

Whole Brain Connectivity Analysis

Mean correlation map of HC, paraplegia tetraplegia (shown in Figure 3.1a) indicates
increased positive functional connectivity in tetraplegia group when compared to healthy
control and paraplegia groups. The increased connectivity can be seen between regions of
sensorimotor network and occipital and cingulo-opercular network. One-way ANCOVA
comparing 12,089 ROI pairs resulted in 808 unique ROI pairs altered between the three
groups at p<0.05. Further thresholding at p<0.001 resulted in 30 ROI pairs that were
significantly different between the three groups. Post-hoc analysis using two-sample t-tests
revealed 27 out of 30 ROI pairs to be significantly altered between HC and paraplegia
whereas only 1 out of 30 ROI pairs (post occipital gyrus and insula) was significantly
altered between HC and tetraplegia at p-value<9.4e-05. Lower number of significant
differences between HC and tetraplegia could be attributed to the smaller sample size in
tetraplegic group. Two sample t-test comparing paraplegia and tetraplegia revealed 15 out
of 30 ROI pairs to be significantly different between the two subtypes of SCI. Five out of
the 30 ROI pairs corresponded to regions in non-sensorimotor networks, while 10 ROI
pairs consisted of regions in the sensorimotor network. Functional connectivity maps and
average connectivity measures are displayed in Figure 4.1b and Figure 4.1c. Average

43

functional connectivity bar plots show greater connectivity in these ROI pairs for
tetraplegia group when compared to HC or paraplegia.

Figure 4.1 ROI based connectivity analysis: a) Mean correlation matrix in HC, paraplegia
and tetraplegia groups. b) Connectivity between 5 non-sensorimotor ROI pairs that are
significantly different between paraplegia and tetraplegia at FDR-p<0.05. c) Connectivity
between 10 sensorimotor ROI pairs that are significantly different between paraplegia and
tetraplegia at FDR-corrected p<0.05. Average bar plot indicates mean functional
connectivity for each ROI pair in each group. The color indicates the network of the ROI.
(CERB-cerebellum, STG-superior temporal gyrus, MTG-middle temporal gyrus, THALthalamus, IFG-inferior frontal gyrus, ACC-anterior cingulate cortex, TTG-transverse
temporal gyrus, FUS-fusiform gyrus, INS-insula, SMG-supramarginal gyrus, MOGmiddle occipital gyrus, PCC-posterior cingulate cortex, SFG-superior frontal gyrus, PCGprecentral gyrus, STG-superior temporal gyrus).
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4.3.2

Thalamocortical Connectivity Analysis

i) Parcellation Of the Thalamus Using ICA: Spatial ICA on thalamic functional
correlation maps across all subjects (control and patients) generated 40 ICs, of which 10
independent components belonging to standard brain networks were visually identified
to use in subsequent steps133,134. The 10 networks shown in Figure 4.2 belong to auditory,
posterior default mode, left fronto-parietal, right fronto-parietal, medial visual, dorsal
attention, sensorimotor, salient, lateral visual and anterior default mode networks. The
beta maps of the thalamus obtained for specific resting state networks denote the
connection strength of each of the voxels to that particular network. A one sample t-test
on the thalamus beta maps resulted in group maps of different functional thalamic subnuclei. The parcellation of these sub-nuclei and their boundaries were confirmed with the
thalamus maps obtained by Rui et al. and the morel template128. For example, the subnuclei of default mode network comprised of the medial dorsal nucleus, left anterior
nucleus, intralaminar nucleus and left ventral lateral nuclei. Likewise, the sub-nuclei
corresponding to sensorimotor network comprised of ventral posterior lateral nucleus of
the thalamus. Next, one-way ANOVA comparing paraplegic and tetraplegic SCI to HC
at FDR-corrected p<0.05 resulted in significant alteration of sub-thalamic boundaries
belonging to auditory and salient network (shown in Figure 4.3). Voxels corresponding
to auditory thalamic nuclei (MD nucleus) shows decreased network strength with cortical
auditory regions in paraplegic group. Similarly, thalamic voxels corresponding to salient
thalamic nuclei (MD nucleus) is decreased in paraplegic group and increased in
tetraplegic group.
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Figure 4.2 Mask of bilateral thalamus and the 10 spatially independent components
obtained from whole brain voxel-wise functional connectivity maps of the voxels inside
the thalamus. The index indicates the MNI z coordinate of the slices.

46

Figure 4.3 Sub-regions of the thalamus corresponding to a) auditory network and b) salient
network altered in SCI in comparison to HC at FWE corrected p<0.05. Bar plot shows the
average network strength of the thalamic sub-regions in HC and SCI (Paraplegia and
tetraplegia).
ii) Seed Based Analysis: Based on thalamus parcellation using independent component
analysis, paraplegia shows the greatest decrease in thalamic functional connectivity.
Hence, the statistical analysis of seed-based analysis of thalamic seeds was performed only
between HC and paraplegia. Figure 4.4 displays the group functional connectivity maps of
the six thalamus seeds in HC and SCI group. The mean FC of left and right PUL nucleus
in both groups is localized to areas of bilateral PUL nucleus, bilateral hippocampus,
bilateral precuneus and posterior cingulate cortex regions. The mean FC map of left PUL
nucleus in SCI also extends to additional areas in bilateral angular gyrus.
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On the contrary, the mean FC of MD nucleus in HC subjects is spatially
widespread, where it extends to regions of the bilateral superior frontal gyrus, inferior
parietal cortex, basal ganglia, insula, anterior cingulate cortex, medial prefrontal gyrus,
middle cingulate gyrus, and precuneus. Whereas, the mean FC of MD nucleus in SCI
appears to be spatially limited to regions of the basal ganglia, medial prefrontal gyrus, and
precuneus areas. Similarly, the mean FC of VL nucleus in HC encompasses regions of premotor cortex, middle cingulate cortex, prefrontal cortex, basal ganglia, intraparietal cortex
and posterior-cingulate cortex. However, the FC of VL nucleus in SCI subjects is once
again sparse with mean connections mostly extending to basal ganglia, frontal gyrus, and
cingulate gyrus.
Statistical tests comparing the voxel-wise connectivity maps between the SCI and
HC groups resulted in significant effects in five out of the six seeds investigated (shown in
Figure 4.5). The two-sample t-test at a lenient threshold of uncorrected at p<0.002 (not
shown in the Figure) revealed a widespread increase in functional connectivity of left PUL
nucleus to regions of the left inferior frontal gyrus, right precuneus, anterior thalamus and
left middle occipital gyrus (intraparietal cortex) in SCI group. However, as seen in Figure
4.5a, only one cluster in the left inferior frontal gyrus-pars triangularis survived multiple
comparison corrections. Likewise, the result of two-sample t-test for the right PUL nucleus
shown in Figure 4.5b displayed one cluster centered in left middle temporal gyrus that was
significantly different between the two groups. Next, comparing the connectivity of MD
nucleus between the two groups revealed decreased connectivity of left MD with regions
of left putamen extending to the insula, left anterior cingulate cortex and right superior
temporal gyrus in SCI group (shown in Figure 4.5c). In the same way, right MD
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demonstrated significantly decreased connectivity with right rolandic operculum extending
to insula and right superior temporal gyrus in SCI group. Further, at a lenient threshold of
uncorrected-p<0.002 (not shown in the Figure), both left and right MD displayed decreased
FC with regions of the bilateral temporal gyrus, insula, and dorsal anterior cingulate cortex.
Lastly, the result of the Two sample t-tests comparing FC of VL nucleus between the two
groups demonstrated a significant decrease in FC of left VL nucleus with left superior
temporal gyrus in SCI group with no significant difference in FC of right VL nucleus. A
list of all the regions with significantly altered FC to the thalamus in SCI group is
summarized in Table 4.2.
Figure 4.6 displays the average connectivity measures of all regions that exhibited
significantly altered FC with the six thalamic seeds in SCI group when compared with HC
group. Except for connectivity of left PUL nucleus with left inferior frontal gyrus, the HC
group has a mean positive FC between the thalamus and different cortical regions whereas
the SCI group has decreased positive FC in same regions.
A one-way ANOVA examining the correlation between sensory-motor scores and
FC measures of significant clusters revealed a significant correlation between FC of R.MDR.STG with motor scores (r=-0.366, p=0.02) and FC of L.PUL-L.IFG with sensory scores
(r=-0.543, p=0.02). However, no significant correlation between sensory scores (pin-prick
+ light touch) or motor scores with FC measures was observed for SCI group after
correcting for multiple comparison problems (p>0.05).
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Figure 4.4 Panel displays mean group connectivity map of left and right pulvinar nucleus,
left and right mediodorsal nucleus (middle) and left and right ventrolateral nucleus for HC
and SCI group. All functional connectivity maps are a result of mean group effect threshold
at voxel-based family-wise error corrected at p<0.05 with threshold-free cluster
enhancement and an extended cluster size of 20 voxels. Seed columns on the left indicate
the thalamic seed used to perform each row of seed-based analysis. The number indicates
the z coordinates of the slices given.
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Figure 4.5 Result of two-sample t-test displaying regions with altered functional
connectivity to the different thalamic sub-nuclei in SCI when compared to HC. a) A single
cluster with peak activation at left inferior frontal gyrus pars triangularis exhibits increased
FC with left PUL nucleus in SCI at uncorr-p<0.002 and cluster size=51 voxels. b) Single
cluster with peak activation at left middle temporal gyrus exhibits decreased FC with right
PUL nucleus in SCI at uncorr-p<0.002 and cluster size=50 voxels. c) Three clusters with
peak activation at the left anterior cingulate cortex, left putamen and right superior
temporal gyrus exhibit decreased FC with left MD nucleus in SCI at uncorr-p<0.002 and
cluster size=51 voxels. d) Two clusters with peak activation at right rolandic operculum
(insula) and right superior temporal gyrus exhibit decreased FC with right MD nucleus in
SCI at uncorr-p<0.002 and cluster size=53 voxels. e) A single cluster with peak activation
at left superior temporal gyrus exhibits decreased FC with left VL nucleus in SCI at
p<0.002 and cluster size=51 voxels. Red indicates regions that are decreased in SCI in
comparison to HC; blue indicates regions that are increased in SCI in comparison to HC.
The number represents the z coordinates of the slices shown. Note: Right VL nucleus
showed no statistically significant differences between the two groups (p>0.05).
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Table 4.2 List of Regions with Altered FC to different Thalamus Sub-Nuclei
MNI Coordinates

Cluster
Region of Interest
Seed

Size

x

y

z

(mm)

(mm)

(mm)

-36

27

30

-45

-39

-6

-30

0

-3

-3

21

24

60

-45

15

51

-21

12

60

-45

12

-60

0

-6

(MNI Atlas)
(Voxels)
Left

PUL
60

(L.PUL)
Right

Gyrus

pars

PUL
56

(R.PUL)
97
Left

Left Inferior Frontal
triangularis (L.IFG)

MD
82

(L.MD)
57
Right MD

111

(R.MD)
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Left Middle Temporal Gyrus (L.MTG)
Left Putamen (L.PUT)
Left Anterior Cingulate Cortex (L.ACC)
Right Superior Temporal Gyrus (R.STG)
Right Rolandic Operculum (R.ROPE)
Right Superior Temporal Gyrus (R.STG)

Left VL
71
(L.VL)

Left Superior Temporal Gyrus (L.STG)

Note: Seed column denotes the thalamic sub-nuclei with connectivity changes to the particular ROI. The
coordinates of each of the clusters are presented in Montreal neurological institute (MNI) space in leftposterior-inferior orientation.
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Figure 4.6 Average functional connectivity measures of the regions with significantly
altered connectivity to the different thalamic sub-nuclei in HC and SCI groups. Statistical
significance was computed at uncorrected-p<0.002 with cluster-based thresholding using
Monte-Carlo simulation. Error bars given here indicate standard error of the mean.
4.3.3

Effect of Post-Injury Duration

Randomization process to model the mean effect of injury duration on FC of the thalamus
in SCI resulted in statistically significant effect in three out of the six nuclei studied,
namely, the left MD, right MD and right PUL nucleus. Figure 4.7a presents the regions
whose FC with left MD (shown in red), right MD (shown in blue) and right PUL nucleus
(shown in green) are significantly associated to the duration of injury in SCI patients. The
significant regions whose FC strength with L.MD is associated with the duration of injury
include left superior occipital gyrus (L.SOG), right cuneus (R.CUN) and left middle
cingulate cortex (L.MCC). Similarly, the regions whose FC strength with R.MD is
significantly associated to the duration of injury include left superior frontal gyrus (L.SFG),
right inferior temporal gyrus (R.ITG) and left calcarine gyrus (L.CAL). Lastly, FC of
R.PUL nucleus as shown in Figure 4a -right displays significantly high negative correlation
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with duration of injury for multiple regions including right postcentral gyrus (R.PoCG),
left calcarine gyrus (L.CAL), right precuneus (R.PCUN), right postcentral gyrus
(R.PoCG), left cuneus (L.CUN), left inferior parietal lobule (L.IPL) and right superior
occipital gyrus (R.SOG). In general, as shown in Figure 4.7b, the FC of the thalamic subnuclei to regions of the visual cortex, pre-motor cortex, and secondary somatosensory
cortex appears to be dynamic and progressively decreasing with time following the injury
in patients with SCI.
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Figure 4.7 Effect of duration of injury on functional connectivity of the different thalamus
sub-nuclei in SCI group. a) Result of f-test displaying clusters whose FC to the thalamus
sub-nuclei is significantly correlated to the duration of injury. Statistical maps were
thresholded at voxel-based FWE corrected p<0.05 with threshold-free cluster
enhancement. Red indicates clusters whose FC to the left MD nucleus is significantly
associated with the injury duration in SCI patients; similarly, blue indicates clusters whose
FC to the right MD nucleus is significantly associated to the injury duration in SCI patients
and green indicates clusters whose FC to the right PUL nucleus is significantly associated
to the injury duration in SCI patients. The number represents the z coordinates of the slices
shown. b) Left: Negative relationship between duration of injury and FC measures of left
MD nucleus with L.SOG, R.CUN, and L.MCC. Middle: Negative relationship between
duration of injury and FC measures of right MD nucleus with L.SFG, R.ITG, and L.CAL.
Right: Negative relationship between duration of injury and FC measures of right PUL
nucleus with R.PoCG, L.CAL, R.PCUN, R.PoCG, L.CUN, L.IPL, and R.SOG. Pearson r
correlation values of the relationship between FC and duration of injury is given in
parenthesis in the legend of each plot next to the region of interest.
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4.4 Discussion

4.4.1

Whole Brain Connectivity after SCI

Right precentral gyrus of the sensorimotor cortex showed significantly greater connectivity
to posterior cingulate cortex, superior frontal gyrus, middle occipital gyrus and ACC in
tetraplegia when compared to HC and paraplegia. M1 located in the precentral gyrus is
highly interconnected to other frontal motor areas, including SMA, cingulate motor cortex,
premotor cortex and parietal regions for the planning and execution of highly complex
movements. Initiation, planning or suppression of movement, requires sensorimotor
feedback from corticospinal neurons as well as from the secondary somatosensory regions,
frontal gyrus and visual regions in order to generate a perception, action and reaction.
Parietal regions interplay with sensory sources including somatosensory, visual and
auditory sources to aid motor planning and execution. Increased functional connectivity
between supramarginal gyrus and fusiform gyrus, middle occipital gyrus, heschls gyrus
and temporal gyrus supports the notion that tetraplegia due to greater loss of afferents, is
likely to experience an imbalance in sensory weighting. Hawasli and colleagues report
decrease in connectivity of sensorimotor region simultaneous with a compensatory
increase in connectivity between visual cortex and intraparietal region
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Therefore, an

increase in functional connectivity with the sensory areas, such as supramarginal gyrus,
visual cortex and cuneus, could be a compensatory mechanism in tetraplegia.
Additionally, the connectivity between cerebellum and ACC is the only ROI pair
where tetraplegia shows decreased connectivity when compared to HC. Interestingly left
MD nucleus of the thalamus also show increased connectivity to insula and inferior frontal
gyrus, regions that show decreased GMV in the same cohort. Hence accounting for the
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effects of GMV atrophy on functional connectivity of these regions would be beneficial to
the interpretation of functional connectivity results. Animal and human brain imaging
studies on SCI, have reported decrease in grey matter volume, movement related M1
potentials, fractional anisotropy and spine density during the aftermath of deafferentation.
Some RS-fMRI and task studies report increased RSFC of primary motor cortex with
SMA, basal ganglia
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and premotor areas to be associated to better motor recovery

18

.

However, no past reports of significant increase in connectivity of motor region with
temporal gyrus or heschls gyrus regions exist in SCI literature. But, increase in effective
connectivity of M1 with ipsilateral temporal gyrus and middle frontal gyrus has been seen
in stroke patients with complete and partial paralysis136.

The increased functional

connectivity to regions of multisensory association regions in tetraplegia could be a result
of reorganization induced due to deafferentation and loss of sensory inputs from upper and
lower limb in tetraplegia.
Based on the somatotopic organization (or homunculus) of the primary motor
cortex, the regions encoding the torso, head and neck regions anatomically overlap with
temporal regions134. As the study involves only complete SCI, it is possible that, tetraplegic
group may receive no sensory or motor efferents from the corticospinal pathways causing
an imbalance in the feedforward and feedback motor pathways at the cortex. This “all or
none” system, where HC receive all necessary signals and tetraplegia receive no inputs
may initiate a more rigorous compensatory mechanism than paraplegia that in theory
receives only half the amount of signaling pathways as HC. Then, it could be argued that
our observations are either a compensatory mechanism of tetraplegia to preserve M1
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functionality or a compensatory mechanism of tetraplegia to rely greater on integrating
sensory inputs (such as auditory and visual information).

4.4.2

Thalamocortical Connectivity after SCI

An overwhelming proportion of the SCI population develops chronic pain manifested in
the form of nociceptive or neuropathic pain, often unresponsive to conventional
pharmacological treatment
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. Previous research in SCI suggests an association between

thalamus dysfunction and chronic pain

97,119,137

. Owing to the variation in type, location

and magnitude of pain experienced in SCI patients, the role of the thalamus whether in
generation or maintenance of central pain condition in SCI is yet to be established.
Classically, the thalamus is a major relay while the modern view suggests a
modulatory and an indirect transthalamic role with numerous pathways between the cortex,
thalamic nuclei, and lower motor centers 138,139. Identifying the functional alterations of the
thalamus at a sub-nuclei level in response to an imbalance in cortical computation and
peripheral reactions (as in the case of SCI) could provide insight into the neuroplasticity
following SCI. In this study, we performed resting-state functional connectivity based
parcellation followed by a voxel-wise seed-based analysis to identify reorganization in
cortical connectivity of the following three major nuclei, the PUL as well as the MD and
MD nucleus in SCI. Using resting-state FC of the thalamus to the whole brain, we identified
specific alterations in connectivity of left PUL, bilateral MD nucleus and left VL nucleus.
Furthermore, the FC of bilateral MD and right PUL nucleus to regions of the visual cortex
and sensory cortex was found to have a negative relationship with injury duration.
Parcellation of the thalamus using a data-driven technique such as independent
component analysis with spatial regression accounts for some of the selection bias involved

58

with other techniques. Parcellating the thalamus also allows to study the thalamus
segregated based on function rather than the conventional anatomical boundaries. The
drawback, however, is the appropriate interpretation of the beta estimates as indirect
measure of functional connectivity. Methodological limitations such as number of
independent components also limit the application this technique on a neurological
condition and necessitate a seed-based analysis to identify specific cortical correlates.
Nevertheless, the parcellation into sub-nuclei conforms to thalamic sub-nuclei
demonstrated in literature.
Functional connectivity findings indicated decreased connectivity between left MD
nucleus and L.ACC, L.PUT and R.STG, and decreased connectivity between right MD
nucleus and R.ROPE and R.STG in SCI. Also at a lower threshold, the right MD nucleus
displayed reduced connectivity with dorsal ACC and left insula in SCI group. The MD
nucleus consisting of medial and lateral subdivision is known to influence cognitive
processes including working memory, executive function, emotional perception, and
decision-making

140,141

. Rodent and non-human primates show extensive reciprocal

connections between the MD nucleus and PFC with ablation of one resulting in dysfunction
of the other

142-145

. Furthermore, some literature suggests that sympathetic and

parasympathetic afferents from the tissues in the body project to the insular cortex and
dorsal ACC through the ventromedial and MD nucleus, respectively

146

. Taken together,

disconnection of autonomic afferents from lower motor centers to the thalamus in SCI
could explain the hypo-connectivity of the MD nucleus with the ACC, and insula.
Furthermore, the dorsal ACC, insula, striatum, amygdala along with the PFC constitute the
salience network responsible for integrating internal sensory information (interoception
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and visceromotor signals) with external sensory information to generate meaningful neural
responses including emotional awareness 147.
The salience network is also posited as the pain matrix of the brain where the
occurrence of central pain condition is considered as a behavioral response to an event of
imbalance in the internal and external sensory information or bodily states

148

. So, if the

same cortical regions represent the visceral, emotional and pain states of the body, an
alteration in connectivity of MD thalamus to these cortical regions could be associated to
both emotion and pain processing deficits observed in SCI. Impairment of emotional
perception in SCI although subtle is greatly debated and is still overlooked due to the
overbearing psychological consequence of a life-altering injury. Emerging evidence in SCI
indicates impaired emotional perception 69 and enhanced activity in dACC, temporal gyrus,
and periaqueductal grey regions during an emotional fear conditioning task 149. A disorder
that is comparable with SCI is Pure Autonomic Failure (PAF). Unlike SCI that may
withstand both autonomic and sensorimotor denervation, PAF is a disorder of the
autonomic ganglia adjacent to the spinal cord leading to autonomic denervation with intact
sensorimotor afferents. Interestingly, individuals with PAF report similar difficulty in
identifying their own emotions but accompanied by increased activity in ACC and
decreased activity in the right insula during a stressor task

150

. Intriguingly, neuropathic

pain is rarely reported in PAF cases suggesting that although impaired emotion and central
pain are an aspect of autonomic function, their cortical or subcortical correlates might
differ. The cortical basis of pain as postulated by the thermosensory-inhibition theory states
that the pain could result from the lack of descending signals emerging from dorsal ACC
to the homeostatic sites regarding thermoregulatory behavior (parabrachial nucleus and
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periaqueductal grey)

151

. If the above is true, we could debate whether the decreased

connectivity observed between ACC and L.MD could perhaps contribute to reduced
connectivity to the brainstem. However, we do not have information regarding the pain
status of the SCI patients, and therefore no direct conclusion of the results can be drawn
regarding pain.
Results also revealed an increase in functional connectivity between left PUL
nucleus and L.IFG and at a lower threshold demonstrated increased FC with the left
superior occipital gyrus, right precuneus and anterior thalamus in the SCI group. The PUL
is a higher order nucleus that receives the majority of the inputs from the cortex and sends
efferent connections to the cortex
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. It is also an important component of the visual

attention network with connections mostly extending to regions of multi-sensory
association cortices
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. Example, PUL nucleus connects to posterior parietal lobe and

frontal gyrus for visuo-somaesthetic processing and superior temporal gyrus for
visuoauditory processing. Besides, the PUL is believed to regulate and facilitate large-scale
synchronization of cortical regions through cortico-pulvinar-cortical pathways
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.

Therefore, a lack of afferents from lower motor centers could create an imbalance in
sensory-weighting, initiating a compensatory increase in synchronization between the
multisensory association cortices through PUL. After all, the accuracy of spontaneous or
goal-directed movements depends on the accurate and continuous processing of visual
information updated by body’s spatial representation through proprioception. Hence, an
increase in connectivity between the left PUL and the regions of the frontoparietal network
in SCI patients could be a compensatory mechanism contributing to spatial awareness and
body image in individuals with a lack of proprioceptive feedback.
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Additionally, an increased connectivity between the left PUL and anterior thalamus
was observed at a lower threshold supports the above explained lack of proprioception as
the anterior thalamus has been shown to contain head direction cells that encode the
direction of the head with respect to the environment for spatial navigation 155. Similarly,
SCI patients rely more on visual, vestibular and auditory sources for spatial navigation.
However, the same differences were not observed for the right PUL nucleus as it presented
with decreased FC with L.STG in SCI group when compared to HC group. The
significance of this is unclear although animal and human studies suggest that the pulvinar,
depending on its connection to the parietal region, may allocate attention to the
occipitotemporal stream or the ventral stream that is associated to the recognition of an
object in space 156,157.
Seed based analysis resulted in decreased connectivity of the left VL nucleus to
R.STG with no changes in the FC of right VL nucleus. The VL nucleus along with other
ventral subnuclei are the motor thalamic nucleus that receives afferent signals from lower
motor centers and relays sensory information to the cortical layers of M1, SMA, and
premotor cortex

158

. The lack of significant differences in the FC of VL nucleus was

unanticipated considering the large number of reports on the reorganization of motor
components after SCI. Maybe, examining the FC of the sensorimotor network in the same
cohort would benefit from the interpretation of these results. Additionally, it could also be
a consequence of the seed selection as the effects of SCI can be greater in the
ventroposterior lateral nucleus (sensory nuclei) rather than the motor nucleus of the
thalamus. Furthermore, since the right PUL and right VL nucleus result in few or no
significant differences in FC, it raises the question of whether the thalamus dysfunction in
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SCI patients manifests in the left hemisphere due to asymmetrical thalamic function.
Evolutionarily, the lateralization of the thalamus function is expected to reflect the
asymmetric organization of the cortex; where the left hemisphere majorly dictates language
processing and the right hemisphere implements visuospatial attention processing 159. But
again, the notion that almost all thalamic relays to the neocortex are likely regarding
ongoing cortical and subcortical activity related to efferent motor commands has been
previously established 160. Hence, a left-lateralization of thalamus dysfunction observed in
this study could merely be the result of investigating right-handed or left hemisphere motor
dominant individuals with complete SCI.
Lastly, a significant association between FC measures of different thalamic nuclei
and duration of injury indicates that the functional alterations of the thalamus are likely
dynamic and vary through the recovery process after SCI. Specifically, the FC of the left
MD, right MD and right PUL nucleus with the regions of the dorsal visual attention stream
and visual cortex appears to vary depending on duration since the time of injury. Our
findings indicate that the average FC of thalamic nuclei is positive and higher in individuals
with shorter post-injury duration (~3 months) that gradually declines and approaches the
HC level in individuals with longer disease duration (~12 months). The immediate increase
in FC post-injury could be attributed as a compensatory response to deafferentation though
it is unclear if this would always contribute to recovery or lead to long-term spurious
cortical rewiring. Hou et al. show a similar increase in FC of M1 and cerebellum to anterior
and MD portions of the thalamus respectively, in incomplete SCI at ~12 weeks post-injury.
In contrast to our findings, Rao et al. report observing a decrease in FC between the
thalamus and parieto-occipital association cortex of rhesus monkeys with right
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hemitransection at 8 weeks post-injury. Though, it is possible that the completeness of the
injury could explain the inconsistency in our results, inter-subject variability in residual
functionality, rehabilitation techniques, comorbidities and non-linear recovery patterns
emphasize the need for longitudinal studies in humans with SCI. A more recent study in
individuals with complete SCI report a decrease in FC between the visual cortex and the
motor cortex simultaneous with a compensatory increase in FC of visual cortex with
sensory parietal cortex
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. Perhaps this compensatory increase between the visual and

sensory parietal cortex is reflected by or is a reflection of alterations in the potential visuothalamo-parietal pathways.

4.4.3

Conclusion

The present study uses resting state fMRI in order to demonstrate functional connectivity
changes in cortical and subcortical brain networks after SCI. Although, preliminary in
nature, a number of novel observations are made in this study. We report differences in
functional connectivity of sensorimotor regions between the subtypes of SCI. We also
successfully parcellated the thalamus and demonstrated widespread decrease in thalamic
functional connectivity in SCI patients using resting-state fMRI.
The study has few limitations, first, the lack of patient information on pain status
and rehabilitation limits our understanding of the functional implications of the current
findings. Next, by performing a priori selection of regions for the functional analysis, the
scope of the study was limited to the pre-defined regions of interest. The functional analysis
does not also account for structural changes present in this population as a result of the
injury. Alternatively, future studies could investigate the resting state properties using a
data-driven approach. It is also recommended that the effects of grey matter changes are
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taken into account while examining the functional connectivity of cortical or sub-cortical
structures after SCI.
Nevertheless, this is the first study to investigate and quantify resting state FC
patterns of the whole brain as well as the different sub-nuclei after complete paraplegic
SCI when compared to HC. We demonstrate significant changes in the FC of the pulvinar
and MD nucleus in complete SCI in comparison to HC. We also show variation in FC of
higher order nuclei to visual attention regions depends on the duration since injury in these
individuals. Our study provides a new outlook to the role of thalamus in SCI and can
advance our understanding of the pathophysiology leading to successful clinical recovery
in SCI patients.

65

CHAPTER 5
FUNCTIONAL NEAR-INFRARED SPECTROSCOPY IN SPINAL CORD
INJURY (Aim 3)
5.1 Introduction

5.1.1

Background

Neuroplasticity after SCI is often facilitated by means of physical therapy either involving
a conventional physical therapy or using targeted interventional therapy

161-163

. Research

has shown that repetitive physical training stimulates neuroplasticity by inducing neural
rewiring, sprouting and upregulation of brain derived neurotrophic factors and
neurotransmitters within the central nervous system164. Such activity dependent
neuroplasticity is anticipated to manifest as altered activity in brain regions associated with
lost function, as well as in areas of intact function to compensate and accommodate the lost
functionality165. Functional MRI has laid the foundation for identifying, formulating and
understanding the mechanisms of such neuroplastic changes in humans in the form of
changes in functional connectivity and task evoked activity 11,16,18,43,109,110,112. Studies have
repeatedly confirmed an expansion in the somatotopic representation of the body rostral to
the area of injury in the brain in individuals with SCI. That is, people with paraplegia for
example, report exhibiting an expansion of the functional representation of hand region
towards the affected leg region in M1 and S1 regions12,41,42. As previously described in
Chapter 3, resting-state studies also report decrease in the intrinsic functional connectivity
of the sensorimotor cortex, specifically between a) bilateral primary motor cortices 17, b)
bilateral supplementary motor area (SMA)18 and M1, and c) primary sensory cortex (S1)
and other sensorimotor regions16. Such alterations in resting state properties have emerged
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to hold significant implications for functional recovery after SCI. However, MRI suffers
from the major shortcoming of limiting large movements inside the scanner making it
unsuitable for testing the cortical correlates associated to dynamic naturalistic movements
such as gait-training or upper extremity manipulation training or even simple movements
such as sit to stand etc. A non-invasive neuroimaging technique that is alternatively suited
for investigating the neural underpinnings of cortical reorganization and recovery in people
with SCI in a real-world setting is the continuous wave fNIRS166. fNIRS offers a unique
and cost-effective approach to quantify changes in the hemoglobin concentration proximal
to the surface of the cortex during dynamic tasks such as gait training, which is not possible
with fMRI167,168.

5.1.2

Functional Near-Infrared Spectroscopy

Continuous wave fNIRS is a promising technique to non-invasively and reliably measure
the hemodynamic response of the brain at a high temporal resolution168,169. fNIRS utilizes
the same concept of neuro-vascular coupling as fMRI to indirectly quantify brain
activity31,168; fNIRS however takes advantage of the optical properties of the oxyhemoglobin (HbO) and deoxy-hemoglobin (HbR) molecules in the visible and nearinfrared frequency range170. Specifically, the absorption properties of the chromophores
(HbO and HbR) in the 700-1000 nm range that is typically transparent to biological tissue
and water is targeted. This is performed by introducing near-infrared light at the
abovementioned frequency (also known as the optical window) such that the light
penetrates through the scalp, skull and the cortex and becomes absorbed, scattered and
reflected in all directions. Using the appropriate placement of sources and detectors, the
reflected signal is then captured by the detectors. Depending on the amount of light that is
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reflected the concentration of the chromophores are quantified using a modified BeerLambert’s law. The modified Beer-Lambert’s law essentially describes the relationship
between change in light attenuation and chromophore concentration168. For instance, an
increase in neuronal activation during task increases the demand of cerebral metabolites
causing a cascade of changes in the cerebral blood flow, cerebral blood volume and
metabolic rate of oxygen consumption 171-173. The overcompensation of blood flow results
in changes in HbO and HbR concentration that is reflected and recorded as optical intensity
values at the near-infrared range (650-950nm) of the electromagnetic spectrum174.
Even though fNIRS does not rectify all shortcomings of fMRI and holds few
inherent limitations by itself, it still offers key methodological advantages175,176. First, the
hemodynamics measured using fNIRS is less prone to head-motion noise. Next, it allows
hemoglobin concentration changes at a temporal resolution of 1-2 milliseconds. And lastly,
even though fNIRS do not permit recording of secondary physiological measures such as
perfusion, oxygen extraction fraction or cerebral metabolic rate of oxygen consumption,
short-source separation channels enable removal of physiological noise by recording
hemodynamic activity from non-brain regions such as meninges and skull177.

5.1.3

Application of Functional Near-Infrared Spectroscopy in SCI

There is ample evidence encouraging the use of fNIRS in neurorehabilitation and
neurofeedback of the SCI population169,172,178. fNIRS originally gained popularity in the
study of cognition and sensory development in infants due to its ability to test brain
function in a natural setting that is less susceptible to motion artifacts179,180. But the
aforesaid also opens opportunities for the study of motor behavior in SCI population,
specifically to examine cortical mechanisms underlying real-world movements involved in
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rehabilitation. fNIRS studies using motor paradigms report region-specific differences in
the spatiotemporal characteristics of hemodynamic response to different movements181.
Investigators of a clinical trial report using fNIRS to successfully monitor the real-time
cortical activity during robot-assisted gait training in three people with SCI178. This ability
to investigate cortical correlates common and distinct to the variations of motor or sensory
tasks in a real-world setting makes fNIRS an excellent tool for both prognostication of SCI
as well as formulation of effective treatment strategies after SCI. With advancements in
the mechanical design of the fNIRS system, a more compact, portable and even laser-less
systems could offer rehabilitation studies a simpler and economical imaging technique to
record simultaneous cortical activity during regular gait training or with advanced robot
assisted physical therapy182. Plus, the simplicity of the fNIRS system makes it suitable for
longitudinal studies, for example, to monitor brain changes during the rehabilitation phase.
However, no studies have thus far applied fNIRS to systematically investigate cortical
reorganization after SCI 166.
Furthermore, impairment of the sympathetic control after SCI results in
cardiovascular deficits such as supine hypotension, orthostatic hypotension, cardiac
arrhythmia and autonomic dysreflexia 183. Especially injuries above T6 level result in the
impairment of dynamic cerebral autoregulation, cerebrovascular reactivity and
neurovascular coupling properties of cerebrovascular control
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. Dong-II Kim and

colleagues proposed that SCI patients will experience decreased perfusion in response to
increase in arterial CO2 or metabolic demand when compared to healthy counterparts184.
Based on their model, it is suggested that the imbalance in cerebrovascular control may in
turn influence the inference of task-induced hemodynamic response in SCI patients184.
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Cerebrovascular impairment in other populations such as stroke typically require the
removal of cerebrovascular differences to understand true neuronal effects. However,
differences in cerebrovascular reactivity after SCI is often not examined in neuroimaging
studies measuring brain activity after SCI.
Therefore, the objective of this study is to validate the use of fNIRS in identifying
cortical reorganization following SCI specifically within the sensorimotor cortex while
accounting for differences in cerebrovascular reactivity. It was first hypothesized that the
hemodynamic response measured using fNIRS is sensitive to differential patterns of
activation in the sensorimotor cortex including regions of close proximity.

We

hypothesized that this hemodynamic response reflects the somatotopic reorganization
previously reported after SCI resulting in paraplegia. Our final hypothesis was that
accounting for cerebrovascular reactivity will ensure that the hemodynamic response
measured using fNIRS reflect true neuronal differences after SCI.
The proposed hypotheses were tested by comparing one of the most robust and
well-studied motor paradigms in fNIRS studies 185, finger tapping, in healthy participants
and people with paraplegic SCI. An expansion or alteration in the representation of the
unaffected limb in the cortex after paraplegic SCI was demonstrated by comparing finger
tapping movement with the movement of the affected limb (by means of an attempted ankle
tapping movement). Additionally, to ensure the cortical differences are in fact a result of
abnormal brain activity from the injury, finger tapping movement was also compared with
an intact motor action (finger tapping imagery) as a control paradigm. Cerebrovascular
reactivity measured using a simple and non-invasive breath hold task was then used to
calibrate task-based fNIRS measures to identify neuronal differences after paraplegic SCI
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32

. The findings of this dissertation using fNIRS in the SCI population could prove as a

benchmark for future studies employing flexible task designs to study cortical correlates of
movements in neurological population with lower-body paralysis. Advanced signal
processing strategies in combination with longitudinal recordings could also expand the
application of fNIRS as a therapeutic tool. Furthermore, the ability to account for vascular
effects could expand the implementation of fNIRS to patient populations involving
conditions with vascular impairments.

5.2

Test-Retest Reliability of Cortical Activity using fNIRS (Aim 3a)

For the first part of this study, a total of 42 young healthy participants were recruited, 16
of the 42 were scanned during two separate sessions/visits were examined to compute the
test-retest reliability of cortical activity measures from task-based and resting-state fNIRS
data.

5.2.1

Participants

Sixteen healthy participants (24.9 ± 5.6 years, 3 females) were recruited to participate in
two session performed at least a week apart (demographics shown in
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Table 5.1). Exclusion criteria included the use of orthopedic devices, neuromuscular or
neurological disorders, chronic medical illness, history of psychosis, experiencing
symptoms of depression or pregnant. Participants also had no history of brain trauma,
psychiatric or neurological disorders. All procedures were performed in accordance with
the guidelines approved by the institutional review board of New Jersey Institute of
Technology. Each participant was informed, and consent was obtained before their
participation in the study.

5.2.2

Instrument and Setup

A continuous wave 32 channel fNIRS system manufactured by Tech En Inc. with 690 and
830 nm lasers was used to measure HbO, HbR and total hemoglobin (HbT) concentration
changes at a sampling frequency of 50 Hz. A custom designed 26 channel layout shown in
Figure 5.1 was used to place the optodes on the scalp. The optodes were placed with the
help of Brain Sight (Rouge Research Inc.’s Neuronavigation System, Canada) neural
navigator such that channels recorded hemoglobin concentration changes from bilateral
prefrontal, bilateral pre-motor and bilateral sensorimotor areas of the cortex. The Brain
Sight neural navigator deformed the standard MNI template into the expected brain
template of each individual subject, which was then used to place the optodes on the scalp.
The optode placement was guided by pre-defined regions of interest (ROI) from fMRI
literature, such that channel 3 (Source B to Detector 2) and channel 8 (Source D to Detector
5) measured Hb concentration changes from the ROI in right and left primary motor cortex
(M1), channels 21 (Source F to Detector 3) or 22 (Source F to Detector 4) measured Hb
concentration changes from supplementary motor area (SMA) and channels 7 (Source A
to Detector 7) and 20 (Source E to Detector 12) measured from right and left lateral SMN.
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Out of the 26 channels used, 25 channels were placed at a distance of 30 mm from the
source to record cortical hemoglobin concentration changes whereas 1 channel was placed
at a distance of 8.4 mm

177

from the source to record the physiological hemoglobin

concentration changes from the meninges. A pictorial representation of optode placement
and the respective channels are shown in Figure 5.1b.

73

Table 5.1 Demographics of the Healthy Participants Recruited in the Test-Retest
Reliability Study
Subject

Age (years)

Gender

01

27

M

02

21

M

03

27

M

04

24

M

05

26

M

06

19

M

07

25

F

08

20

M

09

18

M

10

26

M

11

41

F

12

31

F

13

18

M

14

24

M

15

27

M

16

25

M
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Figure 5.1 a) Optodes as placed on the scalp of the subject where blue indicates the
detectors 1 to 16 except 13, pink indicates the sources A to B and violet indicates detector
13 measuring physiological signal. b) Twenty-six channels (represented by black
connections) divided into 7 regions of interest namely, A-right lateral SMN (latSMN), Bright medial SMN (medSMN), C-SMN+SMA (medSMN+SMA), D-left lateral SMN, Eleft lateral SMN, F-SMA, G-prefrontal cortex. A-P indicate anterior-posterior orientation,
L-R indicate left-right orientation.
5.2.3

Task Protocol

The task protocol proceeded in the following order i) 7-minute rest scan, ii) 4 runs of 6.5minute motor scan and iii) 5.5-minute breath hold scan. For this study, only the motor and
breath hold data were analyzed and therefore the resting state scans will not be discussed
further. Every motor run consisted of 9 blocks of 20 second rest period alternated by 20
second task period. The motor tasks comprised of three different movements; bilateral
finger tapping (FT), imagination of bilateral finger tapping by mental imagery (FTI) and
bilateral ankle tapping (AT). The tasks appeared in randomized order through the four runs
to

avoid

habituation

(as

shown
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in

Figure

5.2

a). The breath hold task comprised of 30 seconds of relaxed breathing alternated by 15
seconds of breath holding for a total of 5.5 minutes (shown in Figure 5.2

b). The total duration of the experiment included 30 minutes of setup and 38 minutes of
scan time. The same protocol was repeated during the second visit.

5.2.4

Data Analysis

Intensity values acquired in the NIRS format was analyzed using MATLAB R2012a with
the help of in-house scripts. A schematic of the preprocessing pipeline is displayed in
Figure 5.3. Conversion of raw intensity values to optical density was performed using the
equation Absorbance A= -log(I/Io), where I is the intensity of the light measured and Io is
the initial light intensity (in this case the mean of I over the entire duration). Head motion
seen as abrupt spikes in the optical density data was removed using wavelet-based
correction technique introduced by Molavi B and colleagues

186

. The motion-corrected

optical density values were bandpass filtered (0.008-0.1 Hz for rest and 0.008-0.15 Hz for
task) and converted into concentration values using modified beer-lambert law through
HomeR2 function hmrOD2Conc. The concentration values included HbO, HbR and HbT
concentration changes in 26 channels (including physiological channel). Next, the high
pass filtered (with a cut-off of 0.1hz) physiological channel was removed from the

76

concentration values of remaining 25 channels using simple linear regression

187

. The

residuals of the regression model were used to perform quality control, where, the total
power of the first principal component of HbO concentration changes in the low-frequency
range (0.002-0.03 Hz) was computed for all participants from all four motor runs.
Participants with total power more than 1.5 times the interquartile range away from the
first or third quartile was considered as outliers. Based on this criteria, four subjects were
excluded as outliers from the remainder of the analysis.
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Figure 5.2 Task protocol for four runs of motor task and one run of breath hold task: a)
Each run of motor task includes a boxcar design of 20 second rest period alternated with
20 second motor task period for a total duration of 380 seconds and b) breath hold task
includes a boxcar design of 30 second rest period alternated with 15 second breath hold
period for a total duration of 300 seconds.

Figure 5.3 Preprocessing pipeline of raw intensity data in NIRS format to obtain processed
concentration changes of HbO, HbR, HbT for data analysis.
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5.2.5 Test-Retest Reliability Measurement
Intraclass correlation coefficient (ICC) was computed to test the reliability of fNIRS
metrics within session as well between the two sessions. A two-way random model with
single measure ICC was computed using Equation 5.1.

$%&'%()*+,-.,,/01+2,3- 4$%&'%()*.5-65/01+2,3-

𝐼𝐶𝐶 = $%&'%()*

+,-.,,/01+2,3- 7(94:)∗$%&'%()*.5-65/01+2,3-

(5.1)

Where, k=1 and Variancebetweensubject and Variancewithinsubject are the between subject and
within subject variance of the data188. All ICC calculations were performed using the IPN
toolbox available in MATLAB189. ICC measures were evaluated based on the criteria that
ICC of 0 to 0.25 is poor, 0.25 to 0.4 is low, 0.4 to 0.6 is fair, 0.6 to 0.75 is good and 0.75
to 1 is excellent reliability190.
5.2.5.1 Resting-State Activation.

The test-retest reliability of resting-state data was

computed on the resting-state functional connectivity measure of 300 channel pairs
obtained during session 1 and session 2 in 16 participants. This was obtained by performing
a Pearson’s correlation between HbO concentration changes in every channel with the
remaining 24 channels of every subject in each session. ICC was then computed for the
300 functional connectivity measures of each subject in session 1 with session 2.
5.2.5.2 Motor Task Activation.

The test-retest reliability of task data within-session

(cap was never removed) and between-session was computed on the area under the HbO
curve (AUC) measure of different motors tasks. The AUC was computed as the integration
of HbO concentration during the stimulus duration, i.e., n=0 to 20 seconds. The AUC was
calculated on the rescaled average hemodynamic response (rescaled to 0 and above) using
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trapz algorithm in MATLAB. The average hemodynamic response of a channel to the
different motor tasks, FT, FTI and AT within a session was estimated by averaging all the
blocks corresponding to a particular motor task in a channel during a given run. For
example, block of motor task is defined was the 5 seconds before the start of stimuli, the
20 seconds of continuous stimuli and the 20 seconds of rest following stimuli (total
duration: 45 seconds). Every run consists of 3 blocks of FT, FTI and AT each and therefore
an average of the three blocks in each run was used to perform within-session reliability
analysis of each task. Similarly, for between-session reliability analysis, the average
hemodynamic response was obtained from all 12 blocks of a session and was used to
perform between-session reliability analysis of each task. ICC measures were computed
for within-session reliability during session 1 and between-session reliability i.e., between
session 1 and session 2 for each of the channels during each of the tasks.
5.2.5.3 Breath Hold Activation.

The same analysis described in 5.2.5.2 was repeated

for breath hold task, where a block was defined as the 5 seconds before the start of stimuli,
the 15 seconds of continuous stimuli and the 30 seconds of rest following stimuli (total
duration: 50 seconds). The average hemodynamic response was calculated by averaging
the 6 blocks of every channel in every subject in session 1 and 2. The AUC was computed
using the trapz algorithm by rescaling the average hemodynamic response (to 0 and above)
for the interval of n=10 to 30 seconds. ICC measures were computed for the AUC of every
channel in subjects in session 1 with session 2.
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5.3

Application of fNIRS in Spinal Cord Injury (Aim 3b-Aim3d)

For the second part of this study, the proposed hypotheses were validated by comparing
the task-based and resting-state fNIRS measures from 13 males with paraplegic SCI with
13 age-matched healthy male participants.

5.3.1

Participants

Fourteen healthy males (47.6 years) and thirteen males with paraplegic spinal cord injury
(48.4 years) were recruited in this study (demographics shown in Table 5.2). Exclusion
criteria included a history of brain trauma, neuromuscular or neurological disorders,
chronic medical illness, history of addiction, history of psychosis, symptoms of depression
or pregnancy. Participants with SCI were excluded if they had an injury to the cervical
level of the spinal cord. All procedures were performed in accordance with the guidelines
approved by the institutional review board of New Jersey Institute of Technology. Each
participant was informed, and consent was obtained before their participation in the study.
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Table 5.2 Demographics of Participants with SCI Recruited in this Study
LEVEL

Duration
#Disconnected

ID AGE OF

NEUROPATHIC
Complete/Incomplete CAUSE

segments

Of Injury
PAIN

INJURY

(years)
Elevator

S01 42

T7

15

C

Yes

8

accident
S02 73

T3

19

C

Automobile

No

33

S03 32

T8

14

I

Automobile

Yes

5

S04 45

T4

18

C

No

15

Construction
accident
S05 53

T10

12

C

Tree fall

Yes

2

S06 68

T3

19

I

Automobile

No

40

S07 59

T3-4

18

C

Yes

14

Air bubble in
the spine
S08 43

T11

11

I

Fall

Yes

8

S09 38

T10

12

C

Gunshot

Yes

11

S10 42

T2

20

C

Automobile

Yes

12

S11 55

T10

12

C

Yes

11

Yes

5

Yes

22

Construction
accident
S12 30

T12

10

C

S13 50

T1

21

I

Fall
Diving
accident
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5.3.2

Instrument and Setup

A continuous wave 32 channel fNIRS system manufactured by Tech En Inc. with 690 and
830 nm lasers was used to measure HbO, HbR and total hemoglobin (HbT) concentration
changes at a sampling frequency of 50 Hz. A custom designed 26 channel layout shown in
Figure 4.1 was also used for this study. The optode placement and regions of interest are
explained in Section 4.4. A pictorial representation of optode placement and the respective
channels on a person with paraplegic SCI is shown in Figure 5.4.

Figure 5.4: a) Optode layout where, red indicates the sources A to B, violet indicates
detector 13 measuring physiological signal from the meninges and blue indicates the
detectors 1 to 16 except 13. A total of twenty-six channels were recorded (represented by
black edges). The channels were divided into 7 regions of interest namely, source A-right
lateral SMN (latSMN), B-right medial SMN (medSMN), C-SMN+SMA
(medSMN+SMA), D-left lateral SMN, E-left lateral SMN, F-SMA, G-prefrontal cortex.
A-P indicate anterior posterior orientation, L-R indicate left and right orientation. b)
Optode cap setup as seen in a participant.
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5.3.3

Task Protocol

Similar to the task protocol in the Chapter 3, the task protocol for this study proceeded in
the following order i) 7-minute rest scan, ii) 4 runs of 6.5-minute motor scan and iii) 5.5minute breath hold scan. During rest, the subject was instructed to stay still with eyes open.
Every motor run consisted of 9 blocks of 20 second rest period alternated by 20 second
task period. The motor tasks comprised of three different movements; bilateral finger
tapping (FT), imagination of bilateral finger tapping by mental imagery (FTI) with action
observation and bilateral ankle tapping (AT). During action observation participants
watched a 20 second animated video of bilateral finger tapping at 2Hz frequency created
using Unity 3D. The tasks appeared in randomized order through the 4 runs to avoid
habituation (as shown in Figure 5.5a). The breath hold task comprised of 30 seconds of
relaxed breathing alternated by 15 seconds of breath holding for a total of 5.5 minutes
(shown in Figure 5.5b). The total duration of the experiment included 30 minutes of setup
and 38 minutes of scan time.
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Figure 5.5 Task protocol for four runs of motor task and one run of breath hold task: a)
Each run of motor task includes a boxcar design of 20 second rest period alternated with
20 second motor task period for a total duration of 380 seconds and b) breath hold task
includes a boxcar design of 30 second rest period alternated with 15 second breath hold
period for a total duration of 300 seconds.
5.3.4

Data Analysis

All preprocessing steps were performed using in-house scripts in MATLAB R2012
platform. Preprocessing included optical density measurement, head-motion correction,
bandpass filtering (0.008-0.1 Hz for rest and 0.008-0.15 Hz for task), conversion to
concentration and regression of physiological channel. Each of the preprocessing steps are
explained in greater detail in the data analysis Section 4.2.4.
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5.3.5

Resting-State Functional Connectivity Analysis (Aim 3b)

Resting-state functional connectivity was computed by performing a Pearson’s r
correlation between the HbO time-series of every channel with all the other 24 channels
resulting in a 25x25 correlation matrix. A two-sample t-test was performed for every
channel pair to identify significant differences in functional connectivity between the two
groups. Functional connectivity measures of significant channel pairs were extracted and
correlated with post-injury duration and number of disconnected segments to identify
significant relationship between resting-state functional connectivity and SCI
characteristics.
Further, to measure the lateralization of functional connectivity within the motor
cortex, a lateralization index was computed for the 11 homologous channel pairs (or 22
channels) placed on the sensorimotor cortex. Ten out of the 11 channel pairs were placed
on the bilateral sensorimotor cortex, while one pair was located on the SMA. The
lateralization index (L.I) was computed using Equation 5.2.

?4@

𝐿. 𝐼 = |?|7|@|

(5.2)

where, R is the mean functional of the right channel in a channel-pair and L is the mean
functional connectivity of the left channel in the channel pair191. The mean functional
connectivity was calculated as the average connectivity of a channel to all other 22 channels
in the SMN. The L.I measures of the 11 channel pairs were then compared between the
two groups using a two-sample t-tests. Multiple comparison correction was performed
using false-discovery rate correction.
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5.3.6 Motor Task-Evoked Hemodynamic Measurement (Aim 3d)
i) Oxy-hemoglobin Concentration During Task: The block-average technique described
in Section 4.2.1 was also applied to the task-data to compute the block-averaged
hemodynamic response to different tasks. In brief, the hemoglobin changes to FT, FT
imagery +action observation and AT were estimated for every channel to qualitatively
compare the HDR curve between the tasks. A block of motor task was defined as the 5
seconds before the start of stimuli, the 20 seconds of continuous stimuli and the 20 seconds
of rest following stimuli (total duration: 45 seconds). A total of 12 blocks of FT, FT
imagery + action observation and AT from the four runs of motor task was used to calculate
the average HbO and HbR for every channel. The channel-wise HDR were further
categorized and averaged to quantify the average net change in HbO and HbR
concentration in 7 ROI’s viz. ROI 1 (channels 1-4), ROI 2 (channels 5-8), ROI 3 (channels
9-12), ROI 4 (channels 13-16), ROI 5 (channels 7-20), ROI 6 (channels 21-23) and ROI 7
(channels 24-25). Each block of HbO and HbR was normalized using the HbO and HbR
concentration from the 5 seconds prior to the start of the stimuli in a given block.
Task activation was quantified as 1) maximum increase in HbO concentration
during the duration of stimuli and 2) area under the HbO (AUC) curve during the duration
of task. The AUC was calculated on the rescaled HbO time series (scaled to 0 and above).
The task-activation measures (maximum increase in HbO and AUC) during a) FT, b) FT
imagery +action observation, c) AT, d) FT-FT imagery + action observation and e) FT-AT
were compared between the two groups using a two-sample t-tests.
A one-way ANOVA was also performed on the AUC measures of each of the three
tasks in SCI group to identify main effects of duration since injury, level of injury,
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neuropathic pain and and completeness of injury. Multiple comparison correction was
performed using FDR-correction.
ii) Task-based Functional Connectome: Task-based functional connectome was
calculated for every task type: FT, b) FT imagery + action observation and AT. The HbO
timeseries from the task blocks corresponding to each of the task types during the fours run
along with the 20seconds of rest period following the task block were concatenated
together to generate a single HbO time series for each of the task types. The single HbO
time series for each of the task types was generated for every channel in every subject. A
Pearson’s r correlation was then performed between the HbO time series of every channel
with other 24 channels to generate a 25x25 correlation matrix corresponding to each of FT,
FT imagery + action observation and AT per subject. A two-sample t-test was performed
for each of the channel pairs to compare task-based functional connectivity during FT, AT
and FT imagery +action observation in the two groups. Multiple comparison correction
was performed using false-discovery rate correction.

5.3.7 Cerebrovascular Reactivity from Breath Hold (Aim 3c)
A block averaged technique described in Section 4.2.1 was also repeated for breath hold
task, where a block was defined as the 5 seconds before the start of stimuli, the 15 seconds
of continuous stimuli and the 30 seconds of rest following stimuli (total duration: 50
seconds). Six blocks from the breath hold scan was used to generate the average net change
in HbO and HbR concentration for the 7 ROI's for all subjects. An average of the maximum
increase (across the 6 blocks) in HbO concentration after breathing was resumed (was
calculated as cerebrovascular reactivity in all subjects. Further to identify changes in the
latency of breath hold activation, the time of maximum increase in HbO concentration was
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estimated. The initial dip was quantified as the maximum decrease in HbO concentration
in the first 10 seconds of breath holding. A two-sample t-test at alpha=0.05 was performed
for all the breath hold measures to identify significant differences between HC and SCI
group.

5.3.8 Calibration of Motor Activity using Cerebrovascular Reactivity (Aim 3d)
Maximum increase in HbO concentration during breath hold was used to calibrate the a)
maximum increase in HbO concentration and b) area under the curve measures of each of
the task types. The calibration was performed by regressing the breath hold activation from
the task-activation measures across the 25 channels using a simple spatial linear regression
model192. The residuals of regression were used to repeat the two-sample t-tests between
HC and SCI group at alpha=0.05 for each of task types: FT, FT imagery + action
observation, AT, FT-FT imagery +action observation and FT-AT. Multiple comparison
correction was performed using false-discovery rate correction.

5.4 Results (Aim 4a)

5.4.1

Test-Retest Reliability of Resting-State Functional Connectivity

The ICC and Pearson’s r correlation matrix of resting-state functional connectivity (Figure
5.6) indicates that the reliability during rest is mostly fair (0.3-0.5) but also high (>0.75)
across the different channel pairs of the sensorimotor cortex and pre-frontal cortex193. Least
reliable measures were observed within and between channels 21 to 23 and channels
posterior to them, namely, 9-13. The most reliable connections (>0.75) were between
sensorimotor channels in the two hemispheres, namely, 1-14, 1-17, 7-16, 14-20.
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Figure 5.6 Test-Retest reliability measures of resting-state functional connectivity in 16
participants during 6.5 minutes of rest scan from session 1 and session 2: a) Intraclass
correlation coefficient of RSFC between session 1 and session 2. The color bar indicates
the ICC values with lighter colors denoting high positive ICC measures. b) Pearson’s r
correlation coefficient of RSFC between session 1 and session 2. The color indicates
Pearson’s r correlation values with lighter color denoting higher correlation coefficient.
Note: the lower diagonal of the matrix is a mirror-image of the upper half of the matrix.
5.4.2

Test-Retest Reliability of Motor Task-Evoked Activation

Five out of the 16 participants had incomplete data in the motor run of session 1 and
therefore had to be removed from the reliability analysis of motor tasks. The within-session
reliability of AUC measures from the three motor tasks using the remaining 11 participants
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(shown in Figure 5.7) was high in majority of the channels. A global ICC of 0.72,0.76 and
0.77 was achieved for FT, FTI and AT tasks, respectively. For the same 11 participants,
the between-session ACC was only average (above 0.4) in 9 out of the 25 channels for FT
task, 8 out of the 25 channels for FTI task and 13 out of the 25 channels for AT task.
Additionally, Pearson’s r correlation of the AUC measures from the 25 channels betweensessions for FT, FTI and AT were 0.41, 0.45 and 0.48 respectively.

Figure 5.7 Test-Retest reliability of motor activation in 11 participants from session 1 and
session 2: a) Within-session ICC (during the four runs) of the three different tasks, where
each of the bars indicate a channel, b) Between-session ICC of the three different tasks,
where each of the bars indicate a channel. The total number of channels is 25.
5.4.3

Test-Retest Reliability of Breath Hold Activation

The ICC measures of AUC measures during breath hold in 16 participants from session 1
and session 2 is shown in Figure 5.8. The reliability appears to be poor to good across the
25 channels. Surprisingly, the least reliability is observed in channels 1-4 and channels 2325. The global reliability between the sessions was 0.435 and the Pearson’s r correlation
between the two session was 0.5 s
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Figure 5.8 Test-Retest reliability of breath hold activation in 16 participants during
session 1 and session 2 scanned at least a week apart.
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5.5 Results (Aim 4b- Aim 4d)

5.5.1

Altered Resting-State Functional Connectivity in Spinal Cord Injury (Aim 4b)

Mean functional connectivity of the 25 channels in the sensorimotor cortex, supplementary
motor area and pre-frontal cortex showed an over-all decrease in positive connectivity in
the SCI group when compared to HC (Figure 5.9). High positive correlation was observed
along the channels in the diagonal corresponding to channels in close proximity; thus,
exhibiting high positive connectivity with each other in both SCI and HC. While the
interhemispheric connectivity and between-region connectivity represented by the channel
pairs off-diagonal exhibit much lower connectivity in the SCI group when compared to HC
(Figure 5.3). Result of two-sample t-tests comparing the functional connectivity measures
of 25 channels between the two groups is displayed in Figure 5.10. Figure 5.10a maps the
14 channel pairs in the motor cortex that exhibit significantly decreased connectivity in
SCI group at p<0.01. It is mainly observed that a) the intrahemispheric connectivity in the
precentral gyrus is decreased after SCI (i.e., between channels 2 -5, channels14-17), b)
interhemispheric connectivity of primary somatosensory cortex (i.e., channels 4-19) is
decreased after SCI and c) connectivity between medial SMN/SMA region with left postcentral gyrus regions (i.e., channel 9 -15, 9-16) exhibit decreased connectivity d)
connectivity between (i.e., channel 1-3) exhibit decreased connectivity.
Relationship between number of affected segments (level of injury) and Resting state
functional connectivity: The average Pearson’s r correlation measure for the 14 channel
pairs are plotted in Figure 5.10b, where, the connectivity trend for the different channel
pairs are the same and positive between two groups but reduced in SCI group. The restingstate functional connectivity of channels 11 and 12 was positively correlated to the number
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of affected spinal cord segments with higher level injuries having greater functional
connectivity in the medial posterior SMN of left (channel 12) and right hemisphere
(channel 11) (shown in Figure 5.10c). In contrast, the functional connectivity of channels
9 and 16 exhibit a negative relationship with number of affected spinal cord segments
implying that higher levels of injury are associated with lower functional connectivity
between medial SMN +SMA (channel 9) region and left posterior mediolateral SMN
(channel 16).
Further, by computing the lateralization index of the 11 homologous channel pairs
in the sensorimotor cortex we observed three key significant effects a) Increased left
lateralization in the anterior lateral areas (pre-central gyrus) of sensorimotor cortex in SCI
group, b) Increased right lateralization in the posterior lateral areas (post-central gyrus) of
sensorimotor cortex in SCI group and c) Significantly reduced right lateralization of
posterior medio-lateral regions (post-central gyrus) in SCI group. No other channel pairs
showed any observable differences in lateralization of RSFC between the two groups.
Figure 5.11 shows the average lateralization index for each of the channel pairs in the
sensorimotor in both the groups.

94

Figure 5.9 Mean functional connectivity maps of HC and SCI group. The 25 channel
locations are labelled on the x and y axis. Color bar indicates the Pearson’s r correlation
measure of each channel pair.
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Figure 5.10 Result of two sample t-tests comparing the resting-state functional
connectivity of the frontal and parietal cortex regions between healthy controls and SCI
groups at p<0.01: a) Average functional connectivity in HC and SCI group in channels
shown in b). The error bar indicates the standard error of mean. ** indicates p<0.001 and
* indicates p<0.005. b) Channel-pairs showing significant differences in connectivity
between the two groups. c) Relationship between resting state functional connectivity of
1) medial SMN + SMA (channel 9) with left posterior mediolateral SMN (channel 16) and
2) right posterior medial SMN (channel 11) and left posterior medial SMN (channel 12)
with level of injury represented as number of affected spinal cord segments. The Pearson’s
r correlation measures are shown in the plot.
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Figure 5.11
Lateralization of resting-state functional connectivity between 11
homologous channel pairs of sensorimotor cortices in HC and SCI. Only the channel pairs
with low probability are indicated.
5.5.2 Altered Cortical Activation during Motor Tasks in Spinal Cord Injury (Aim 3d)
The group averaged hemodynamic response to the different motor tasks from the 7 sources
are shown in Figure 5.12. Finger tapping task elicited a similar hemodynamic response in
both HC and SCI groups (seen in Figure 5.12a). The HbO concentration increased shortly
after task onset, peaked around 5 seconds after onset that started to decrease at task
cessation. Both groups exhibited an onset and offset transient response although was less
obvious in SCI group. The average hemodynamic response to finger tapping imagery with
action observation (Figure 5.12b) on the other hand was unanticipated as both groups
demonstrated an inconsistent HbO concentration change to stimulus. More interestingly,
sources A, B, C, D and E in HC exhibited an increase in HbO concentration after the
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stimulus period ended. Finally, the hemodynamic response to ankle tapping in HC
exhibited a bimodal response in all sources with an onset and offset transient response.
Whereas the SCI group demonstrated a sustained but smaller increase in HbO in all the
sources, with the greatest increase in the prefrontal gyrus (Figure 5.12c).
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Figure 5.12 Group block averaged HbO concentration changes in the 7 ROI's in HC and SCI groups during a) finger
tapping, b) finger tapping imagery with action observation and c) ankle tapping. Red curve indicates HC and black
curve indicates SCI group. Error of time series represents the standard error of mean. Gray shaded area in the plot
indicates the duration of task.

i) Oxy-hemoglobin Concentration during Motor Task: The maximum increase in HbO
concentration for the different tasks resulted in no significant differences between the two
groups for any of the task types. However, the area under the HbO curve for each of the
motor tasks calculated for the duration of the task stimuli revealed differences between the
two groups (Figure 5.13a) at p>0.05 but with medium effect size. Finger tapping execution
in SCI group demonstrated a smaller AUC (effect size of 0.375) in medial SMN+SMA
region in comparison to HC. No significant differences in AUC measures were found
between the two groups during finger tapping imagery with action observation. Even
though not statistically significant, the SCI group appeared to exhibit a greater AUC in
PFC when compared to HC. Similar to FT, the AUC measures for ankle tapping revealed
a smaller AUC in SCI group when compared to HC in right lateral SMN (effect size of
0.377). Further, comparing finger tapping vs. ankle tapping in the two groups revealed that
the AUC during finger tapping is significantly greater than ankle tapping in the right lateral
SMN region of SCI group while AUC during ankle tapping is significantly greater than
finger tapping in the same region of HC during ankle tapping. Similarly, even though not
significant at p<0.05, the same region, right lateral SMN showed greater AUC during
finger tapping when compared to finger tapping imagery in SCI group while in HC is not
significantly different between the two tasks. The effect size r of significant regions of
interest (presented in the Figure 5.13a and Figure 5.13b range from medium (0.3) to high
(>0.5) effect.
Results of ANOVA showed significant main effects of duration since injury and
level of injury on the AUC measures of the three types of motor tasks (Figure 5.13c and
Figure 5.13d). The relationship between AUC measures of FT, FTI and AT with duration
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since injury was positive with longer post-injury durations associated with greater AUC
measures during the three tasks. In contrast, the relationship between AUC measures of
FT, FTI and AT with number of affected spinal cord segments was negative with higher
levels injury was associated with smaller AUC in response to different motor tasks.
Specifically, the AUC of left mediolateral SMN and SMA ROI’s during FT task was
significantly correlated to both duration since injury and level of injury. Likewise, the AUC
of medial SMN and PFC regions during FTI task was significantly correlated to duration
since injury and level of injury. And lastly, the AUC of medial SMN and SMA during AT
task was significantly correlated to the injury characteristics.
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Figure 5.13 Area under the HbO curve measure for HC and SCI groups for a) FT, FTI
and AT and b) FT vs. FTI and FT vs. AT. The regions of interest with low probability
outcome from the two-sample t-test are specified. The r value indicates the effect size
calculated using the t-statistics and degree of freedom. (R. lSMN-Right lateral
sensorimotor network, R.mlSMN-Right mediolateral SMN, mSMN+SMA-medial
SMN+SMA, L.mlSMN-Left mediolateral SMN, L.lSMN-Left lateral SMN, SMASupplementary motor area, PFC-Prefrontal cortex). Bottom Panel: Output of ANOVA for
the mean effect of c) number of affected spinal cord segments (or level of injury) and d)
duration since injury on the AUC measures of three motor tasks. The Pearson’s r
correlation measures of each of the regions with the injury characteristics are shown in the
legend.
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ii) Task-Based Functional Connectome: The task-based functional connectome for each
of the motor tasks using a simple Pearson’s r correlation resulted in distinct average
connectome for HC and SCI group. Figure 5.14 shows the 25x25 mean connectivity matrix
representing the correlation or similarity in the HbO concentration change during a) finger
tapping, b) finger tapping imagery with action observation and c) ankle tapping between
the different channels. Among the three motor tasks, the finger tapping imagery with action
observation showed the maximum number of significant differences between the two
groups (Figure 5.14b) as is denoted by the black boxes. In general, the functional
connectivity between task-evoked hemodynamic responses is greater and more positive in
healthy controls when compared to SCI group in all three motor tasks.
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Figure 5.14 Task-based Functional Connectome in HC and SCI group: Mean connectivity matrix during a) finger
tapping, b) finger tapping imagery with action observation and c) ankle tapping shown in the left and middle panel.
The black boxes indicate the channel-pairs that show significant difference between the two groups at p<0.05. The
right panel shows the average Pearson’s r correlation for each of the channel pairs in the three tasks that show
significant difference between the two groups.

As summarized in Table 5.3 the significant differences in connectivity of HbO
changes during finger tapping was observed in 9 channel pairs located in medial SMN
areas and left lateral SMN areas. The group mean functional connectivity seen in the bar
plot shown in Figure 5.14a 74 show a positive and large connectivity for all channel pairs
in healthy controls.
The task-based functional connectome of FT imagery with action observation task
resulted in 26 channels significantly different between the two groups at p<0.01, with 9
surviving multiple comparison correction. Bar plots of the mean functional connectivity
between the two groups showed a similar trend as FT task where SCI exhibited a smaller
but positive mean functional connectivity. Most notably, the significant differences were
observed between channels of left lateral SMN and SMA, where, SCI group show little to
no functional connectivity in these channels. Other significant channels involve areas from
the mediolateral area of SMN between the two hemispheres. Results from statistics on the
functional connectome of AT resulted in 10 pairs (Table 5.3) that are significantly different
between the two groups (SCI vs. HC). Out of the 10 pairs during AT, 2 channel pairs (911 and 9-12) were also found to be significantly different during FT. The channels
corresponded to mediolateral SMN area between the two hemispheres as well as within
medial SMN.
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Table 5.3 Task-based Functional Connectome between HC and SCI groups
List of channel pairs with significantly different functional connectivity between
HC and SCI at p<0.01
Finger Tapping

Finger Tapping Imagery + Action

Ankle Tapping

Observation
6-7
6-8
9-11
9-12
6-18
9-19
7-19
8-19
19-25

1-5
1-5
7-10
2-5
7-11
1-7
7-12
9-11
7-13*
9-12
7-15
13-15
13-15*
7-16
1-17
7-17
2-17
7-18
5-17
19-23
7-17
14-17
4-18*
5-18
7-18
11-18
12-18
14-18
6-19*
9-19*
16-19*
19-21*
7-22
17-22
18-22*
20-22*
* indicates FDR-corrected p<0.05, where p is 0.0017 for alpha=0.05
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5.5.3 Breath-hold Activation (Cerebrovascular Reactivity) after Spinal Cord Injury
(Aim 3c)
Block averaged hemodynamic response to 15-second breath hold in the two groups are
displayed in Figure 5.15. The HC group in this study exhibited a delayed peak in HbO
concentration followed by a post-stimulus undershoot. The SCI group also exhibited a
delayed peak in HbO concentration but presented with a large initial dip and no obvious
post-stimulus undershoot.

Figure 5.15 Group block averaged HbO and HbR concentration changes in the 7 ROI's in
HC and SCI groups during breath holding paradigm. Error of time series represents the
standard error of mean. Grey shaded area in the plot indicates the duration of breath
holding.
The maximum HbO increase after resuming normal breathing in the two groups
showed no significant differences (seen in Figure 5.16a). Although, the time taken to attain
the maximum HbO increase was greater in SCI group when compared to HC in all sources.
As shown in Figure 5.16b, Left and right lateral SMN (i.e., sources A and E) showed
significant difference between the two groups. On average, SCI group appeared to be
nearly 8-10 seconds slower to attain maximum HbO concentration after holding breath for
15 seconds. Further, the maximum decrease in HbO concentration during breath holding
was quantified as the initial undershoot. The initial dip for the same regions, right and left
lateral SMN (i.e., sources A and E) showed significantly large initial dip in SCI group when
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compared to HC (Figure 5.16c). One-way ANOVA results computing the correlation
between maximum HbO concentration and SCI characteristics revealed significant
negative relationship between HbO increase in right lateral SMN and a) post-injury
duration, where longer durations of injury was associated with smaller peak response,
b) level of injury, where higher levels of injury were associated with smaller peak response,
c) interaction between post-injury duration and level of injury, where higher level injury
with long post-injury durations showed the least peak response and d) interaction between
level of injury and presence of neuropathic pain, where people with lower levels of injury
and neuropathic pain showed greater peak response than people with lower levels of injury
without neuropathic pain. The scatter plots and their Pearson’s r correlation estimates are
demonstrated in Figure 5.17.
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Figure 5.16 Maximum and minimum HbO concentration change during breath hold
paradigm in HC and SCI group for the 7 regions of interest: a) Maximum absolute increase
or peak response of HbO concentration after breath holding for 15 seconds, b) time to attain
peak response in HbO concentration after 15 second breath holding and c) maximum
decrease (initial dip) in HbO concentration immediately after breath holding onset. *
indicates two-sample t-test outcome of p<0.05 and ** indicates two-sample t-test outcome
of p<0.05 with FDR-correction.
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Figure 5.17 Relationship between breath hold activation and characteristics of the injury
in 13 people with paraplegic SCI: a) Significant negative relationship between net HbO
increase in right lateral SMN and duration since injury (r=-0.586, p=0.03), b) Significant
negative relationship between net HbO increase in right lateral SMN and number of
affected spinal cord segments or level of injury (r=-0.574, p=0.04), c) Interaction effect
between level of injury and post-injury duration in the net HbO increase of right lateral
SMN (r=-0.582,p=0.03) and d) Interaction effect between level of injury and presence of
neuropathic pain in the net HbO increase of right lateral SMN. The relationship between
net HbO increase in right lateral SMN area and number of affected spinal cord
segments/level of injury is greater in the group with neuropathic (r= -0.819, p=0.0006) as
compared to the group without neuropathic pain (r= -0.49, p=0.08).
5.5.4

Effect of Task-calibration using Breath Hold in Spinal Cord Injury (Aim 3d)

Since no significant differences were found for the maximum HbO measure, only area
under the curve measures were used for calibration. Group differences in area under the
HbO curve measures for motor tasks after calibration is displayed in Figure 5.18a and
Figure 5.18b. Even though no new regions of interest differences were revealed after
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calibration, the effect size and probability of independent sample t-test improved for finger
tapping-imagery (before calibration effect size r=0.354 and after calibration effect size
r=0.415) and finger tapping-ankle tapping (before calibration effect size r=0.349, after
calibration effect size r=0.364) after accounting for variance introduced by vascular
activity. The group variance of each of the task’s area under the curve measures also
decreased in the D, E and F sources more than other areas.
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Figure 5.18 Area under the HbO curve measures for HC and SCI groups after accounting
for neurovascular variance using BH: Area under the HbO curve for a) FT, FTI and AT
and b) FT vs. FTI and FT vs. AT. The regions of interest with low probability outcome
from two-sample t-test are specified. The r value indicates the effect size calculated using
the t-statistics and degree of freedom. (R.lSMN-Right lateral sensorimotor network,
R.mlSMN-Right mediolateral SMN, mSMN+SMA-medial SMN+SMA, L.mlSMN-Left
mediolateral SMN, L.lSMN-Left lateral SMN, SMA-Supplementary motor area, PFCPrefrontal cortex)
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5.6 DISCUSSION

5.6.1

Test-Retest Reliability of Cortical Activity using fNIRS

This study demonstrates the stability and reliability of fNIRS metrics in 16 healthy
participants acquired at two time points. The reliability findings in this study will pave the
groundwork for the choice of functional metrics necessary to study SCI population.
The between-session reliability of resting-state functional connectivity in 16 people
scanned at least a week apart ranged from fair to very good reliability. A total of 64 channel
pairs out of the 300 pairs showed a fair ICC of 0.4. An excellent reliability of 0.7 and
greater were observed in 4 channel pairs that were primarily a part of left SMN and
prefrontal cortex regions. These results agree with findings from a previous fNIRS study
reporting a fair reliability (0.4 to 0.6) in functional connectivity measures of the whole
brain obtained using a similar duration of resting-state scan194. The low reliability of RSFC
in the medial regions of sensorimotor is notable and leads to the hypothesis that this may
be the consequence of cardiac pulsations and respiration on blood vessels. It is also unclear
if increasing the scan duration (6.5 mins) of the resting-state scan could increase the
reliability of resting-state functional connectivity in the sensorimotor cortex194. Graph
theoretical metrics such as local-efficiency and global-efficiency are other avenues to
investigate as studies report moderate to good reliability in these resting-state measures195.
Test-Retest reliability of AUC measures from different motor tasks revealed good
to excellent reliability within session whereas only poor to moderate reliability in between
sessions. Unexceptional between-session reliability scores of AUC measures from motor
tasks could arise from 1) incongruence in the optode placements during second scan, 2)
insufficient number of task blocks to produce reliable activation and 3) inconsistency in
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task performance during the two sessions. Other studies examining reliability of motor task
report achieving a reliability of 0.7 using beta estimates of activation to finger tapping
performed on two consecutive days196. While in this study, only 4 to 5 channel regions
exhibit greater than 0.7 reliability in a given task. Again, in addition to the abovementioned factors, the reliability of different metrics may vary, therefore more work is
required to identify the most suited metric to reliably differentiate the different motor tasks.
Beta estimation using general linear model, maximum increase in HbO and task-based
functional connectome are some of the other metrics that may present with high reliability.
Finally, the breath hold task exhibited the most robust and reliable activity among
the three task states recorded using fNIRS. The AUC measures of 15-second breath holding
recorded at two time points at least a week apart achieved moderate to very good reliability.
Sixteen out of the 25 channels had an ICC of 0.5 or higher and 8 out of the 16 channels had
an ICC of 0.75 or higher. Even though no fNIRS studies have examined the reliability of
breath hold activation, fMRI studies recommend controlled inspiration depth or deep
breathing to decrease variability in breath hold performance197,198. However, the high
reliability of breath hold activation in spite of an unregulated breath hold paradigm suggests
that modifying the breath hold paradigm can further improve reliability of the data.
Nevertheless, the ability to reliably measure cerebrovascular reactivity with a 5-minute
non-invasive breath hold paradigm demonstrates the promise of fNIRS in clinical research
for the evaluation of cerebrovascular reserve capacity after SCI 199.

5.6.2

Altered Cortical Activity in Spinal Cord Injury

This is the first study to our knowledge to implement fNIRS as a neuroinvestigative tool in
SCI population with the goal to examine cortical reorganization in the sensorimotor cortex.
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A comprehensive examination of cortical hemodynamic response during resting-state,
three different types of motor activity (viz. finger tapping, finger tapping imagery with
action observation and ankle tapping) and breath holding was performed in 13 people with
paraplegia after SCI. In general, the cortical response during all three types of task states
exhibited reduced activity in the SCI group when compared to age-matched HC.
Essentially, this study delivers an important benchmark on the choice of fNIRS metrics,
task paradigm and methodological approach for future studies investigating neuroplasticity
after central nervous system injury.
5.6.2.1 Resting-State Functional Connectivity in SCI.

During

resting-state,

the

paraplegic SCI group showed reduced but positive resting-state functional connectivity
within the sensorimotor cortex particularly between a) bilateral post-central gyrus areas, b)
within hemisphere in the pre-central gyrus, c) right SMN (around left M1 area) and right
medial SMN +SMA and d) left SMN (around S1 area) and right medial SMN+SMA. These
findings corroborate reports from past studies investigating spontaneous cortical activity
using fMRI and neurophysiological recordings. For instance, Hou and colleagues described
decreased interhemispheric resting-state FC of primary somatosensory cortex in 25
individuals with SCI17. An adult mice model by Matsubayashi and colleagues using
resting-state FC during pre and post complete thoracic transection also showed decreased
connectivity between primary motor cortex and primary sensory cortex in the chronic
phase200. A recent study using pre-defined seed regions in bilateral precentral gyrus and
bilateral postcentral gyrus showed widespread decrease in functional connectivity of these
regions to bilateral sensorimotor area16. The majority of these studies justify the
hypoconnectivity within the motor cortex as an outcome of lack of sensory and motor
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inputs to the cortex from injury and the structural changes that are reported as a result. A
negative relationship between functional connectivity and the number of affect spinal cord
segments where higher levels of injury or greater number of spinal cord segments are
associated with smaller functional connectivity between right medial SMA/SMA and left
post-central gyrus location; indicating that functional changes may in fact depend on the
extent of immobility. Additionally, a single photo emission computer tomography study
on people with paraplegia and tetraplegia showed decreased cerebral blood flow in bilateral
SMN areas
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. However, it is not within the capacity of this study to determine if the

functional changes in these individuals are accompanied by structural and perfusion
changes in the sensorimotor cortex. Some of the past studies also report compensatory
increase in connectivity between S1 and secondary motor areas such as thalamus, SMA
and basal ganglia which was absent in this study17,111. One possible explanation for the lack
of increased connectivity could be the heterogeneity in the post-injury durations or
completeness of the injury in the participants involved in this study. By the same token, we
observed a positive relationship between interhemispheric connectivity of medial postcentral gyrus and level of injury, suggesting that higher levels of injury may present with
greater interhemispheric connectivity in these locations; and increase in functional
connectivity is often considered a compensatory response to accommodate the lost
function.
Under the assumption that the channel locations are fairly homologous, we
computed the lateralization index of the resting-state mean FC of 11 pairs of channels in
the sensorimotor cortex and SMA. SCI group demonstrated an increase in right
hemispheric lateralization of lateral post-central gyrus and left hemispheric lateralization
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of lateral pre-central gyrus when compared to HC. Strikingly, SCI group also exhibited a
significant decrease in right hemispheric lateralization of the mediolateral regions of the
post-central gyrus. However, no literature exists on the lateralization of motor or sensory
activity after a spinal cord injury. Though ipsilateral cortical activity has been shown to be
positively correlated to the spinal cord cross-sectional area in the ipsilateral side of the
cord20. Signifying that lateralization may arise from the extent of cord transection and the
side of nerve damage. However, since both groups showed either left lateralization or right
lateralization for a specific region, it is believed that it might instead reflect the fundamental
neural organization of motor and sensory control.
Studies collectively suggest that the left hemisphere may be specialized for
planning and execution of familiar and routine actions while, the right hemisphere may be
specialized for updating ongoing actions and detecting novel stimuli in the environment202.
Given the aforementioned lateralization, an increased left lateralization of channels in
lateral precentral gyrus in the SCI group may indicate a compensatory increase in
connectivity to other regions to initiate a movement. While, an increase in right
lateralization of channels in lateral post-central gyrus/somatosensory cortex may represent
the increased searching for motor and sensory afferents that are no longer available.
5.6.2.2 Altered Sensorimotor Activation during Motor Tasks in SCI. Finger tapping
imagery with action observation task failed to reveal a sustained hemodynamic response
in either of the groups. One probable explanation for the lack of peak response is that FT
imagery, when in combination with action observation may have engaged the visual
cortical system more than the motor system making the two sensory systems compete for
attention. However, task-based connectome of FT imagery with action observation
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revealed a significant decrease in connectivity in interhemispheric channels of the SCI
group when compared to HC. Additionally, a significant correlation between AUC measure
of FTI in medial SMN+SMA region and PFC with duration since injury and level of injury
measures further support the hemodynamic findings to the motor tasks. Neural correlates
of imagery, action observation and imitations have been shown to predominantly involve
the regions of SMA, prefrontal cortex and inferior frontal gyrus203,204.
Unlike FTI, the hemodynamic response to finger tapping exhibited a sustained
response in both groups for all regions. The AUC measure of HbO concentration to finger
tapping revealed reduced AUC in the medial SMN+SMA region of the cortex in SCI group.
Regardless of the variation of finger tapping paradigm, bilateral M1 and SMA lie on the
foci of brain network involved in execution of movement185. Hence a significant correlation
between the AUC measures of finger tapping from left mediolateral SMN (proximal to
M1) and SMA with injury characteristics once again substantiates the hemodynamic
findings. Most interestingly, the same cohort showed a positive net change in HbO during
ankle tapping task even though none of the participants were physically able to execute the
movement. The hemodynamic response curve of the SCI group to ankle tapping was also
distinct with no onset and offset transients as typically seen in HC. The AUC measure of
HbO concentration during ankle tapping further revealed a decrease in the left lateral SMN
region for SCI group when compared to HC. It is known through various studies that lack
of sensory drive induces functional reorganization in the motor and somatosensory cortical
regions that have lost peripheral function9,43,44. Studies show that presence of such new
connections may not only arise as a result of dormant synapses but also due to emergence
of lateral cortical and subcortical connections

118

41

. These connections may have appeared

due to long term deafferentation leading to dendritic sprouting or deafferentation causing
disinhibition of suppressed inputs or even due to long term potentiation of weaker
synapses41. Hence, the increase in HbO concentration we observe in response to ankle
tapping in all the 5 sources of SMN area likely reflect the above-mentioned phenomenon.
A study by Henderson and colleagues using fMRI in complete thoracic SCI showed
reorganization in the somatosensory cortex with finger representation shifting to medial
cortical regions that encode for lower limb function41. Such cortical reorganization plays a
critical role in reducing the grey matter and white matter atrophy that may result otherwise.
Even though no significant compensatory increase in the activity of medial SMN (leg
region) region was observed during finger tapping, a significant correlation between AUC
of HbO during ankle tapping from the medial SMN (leg region) and SMA with duration of
injury and level of injury suggests that cortical activity using fNIRS may in fact reflect
underlying spatial distribution of motor activity. In fact, only 4 out of the 13 participants
have any level of sensory or motor function preserved, implying that majority of the
participants receive no feedback from their lower body and hence are likely to recruit
adjacent intact musculature for cortical preservation. The finding that an attempted ankle
movement evokes a hemodynamic response even several years post-injury (average of 14.3
years) making the findings encouraging and indicative of a receptive cortical system. This
also raises an interesting question however: how much of the hemodynamic response is
neuronally driven? We believe calibration of task-evoked hemodynamic response using
breath holding response should provide insight into this question.
5.6.2.3 Impaired Cerebrovascular Reactivity in Spinal Cord Injury.

Breath-hold is

a well-tolerated and reliable technique to induce hypercapnia and study cerebral blood
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flow197. The hemodynamic response to breath-hold in the SCI group revealed a large initial
dip and delayed peak response when compared to HC. The peak HbO response of right
lateral SMN area was also significantly lesser in people with long post-injury durations and
higher levels of injury. An impaired breath hold response was anticipated in the SCI group
due to the low resting blood pressure, orthostatic hypotension and autonomic dysreflexia
arising from an imbalance in higher order control of the autonomic system183. As cerebral
vessels are directly innervated by sympathetic pathways arising from the T1-T4 levels of
the spinal cord ganglia, a disruption of the sympathetic system (or domination of the
parasympathetic system) is said to affect the reactivity of the vasculature 30. Due to which
injuries above T5 are expected to be at higher risk of developing an impaired
cerebrovascular control184. Remarkably, a large initial dip suggestive of an impaired
cerebrovascular reactivity or sensitivity to arterial CO2 was observed in the current cohort
where 7 of the 13 participants have an injury below the T6 level. This suggests that
impairment in cerebrovascular control may also occur in lower-level injuries. Additionally,
the lack of significant difference in the peak HbO response between SCI and HC suggest
that the over-all maximum cerebral blood flow (known as static cerebral autoregulation) in
response to a breath hold induced hypercapnia may be intact. Although, the latency of the
cerebral blood flow changes (also known as dynamic cerebral autoregulation) is impaired
after SCI. These findings corroborate with to past records of intact static cerebral
autoregulation and impaired dynamic cerebral autoregulation in higher-level SCI measured
using cerebral blood flow from transcranial doppler technique, mean arterial pressure and
blood catecholamine tests 205.
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A greater peak HbO response was noted as the level of injury increased in people
with neuropathic as compared to those without neuropathic pain. To our knowledge no
studies have reported an association between the presence of neuropathic pain and altered
cerebrovascular reactivity. But during normal conditions, there should be no crosscommunication between the nociceptive afferents and sympathetic control system.
Although studies indicate the likelihood of an abnormal pairing between the sensory and
autonomic system known as sympathetic-afferent coupling, that may contribute to the
development of dysesthesia37. The sympathetic pathways have been shown to sprout into
the dorsal root ganglion and involve increased expression of adrenergic receptors on the
nociceptive afferents206, causing any form of sympathetic activation or dysfunction to
result in central sensitization207. Therefore, if cerebrovascular reactivity is associated with
pain generation after SCI, studying the cerebrovascular differences over the acute duration
of injury could help delineate factors resulting in abnormal pain generation or sensations.
Furthermore, cerebrovascular reactivity is identified as an effective indicator of risk of
ischemic attack and therefore may also provide insight into the cerebrovascular physiology
of the participant199.
5.6.2.4 Effect of Task-Calibration using Breath Hold. Calibration of task-evoked
hemodynamic response using breath hold increased the effect size and probability of
difference in activation of sensorimotor regions between HC and SCI groups. Additionally,
calibrating for breath hold activity reduced the inter-subject variance of the data in sources
D, E and F more than other regions. Our findings, even though introductory are in
agreement with results from fMRI studies that recommend accounting for neurovascular
variance using breath hold to reduce inter-subject variability208-210. A stroke study applying
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a similar technique to account for neurovascular differences report suppression of task
associated activity following calibration210. Another study suggested that the lack of
differences in cerebrovascular reactivity is a stronger indication that neuronal activity is
contributing to the task-evoked activation measures
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. In that case, the lack of major

differences in the cerebrovascular reactivity of the different regions substantiates
differences we observed in the hemodynamic response, functional connectivity and area
under the curve measures. SCI disrupts the efferents to the spinal sympathetic centers in
the intermediolateral nuclei of T1-L2 spinal cord segments causing a lack of sympathetic
regulation below the level of injury and uncontrolled parasympathetic activity below level
of injury. This puts the individual at a high risk of cardiovascular dysfunction, especially
when the injury is above T5-T6 which is also the site of splanchnic sympathetic outflow212.
Therefore, it is important to consider that the lack of major differences before and after
calibration may be due to the number of people who have lower level injury in the current
cohort (<T6). By performing calibration using breath-hold activity, future studies
especially including higher level SCI could study brain neuronal activity more accurately.

5.6.3

Conclusion

There are a few limitations to this study. First, the type and intensity of the motor task we
chose may not be the most robust in illuminating the spatial differences in imagination vs.
execution and hand vs. leg movement. Additionally, the number of task stimuli or the task
duration necessary to elicit the most reliable response is uncertain at this juncture. Second,
differences in the task performance of subjects were not accounted for during the task
analysis. In the future, both number of task blocks and task parameters will be controlled
to elicit robust activation. Third, we examined the effects of calibration predominantly in
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the sensorimotor cortex; therefore, it is unclear if hemodynamic response from other areas
of the brain may also benefit from accounting for vasoreactivity. Hence, we recommend
future studies to investigate how manipulation of task, methodology and vascular
constraints can improve the robustness and reliability of hemodynamic response measured
using fNIRS.
In conclusion, our results suggest that we can achieve spatial and temporal
differences in the hemodynamic response of different motor tasks such as hand vs. leg
movement and imagination vs. execution of movement using fNIRS in the sensorimotor
cortex for both healthy and SCI group. We also demonstrated the potential of breath
holding in reducing variability of fNIRS hemodynamic response between channels as well
as between subjects arising from vascular origin. Our results validate the potential of multichannel fNIRS to study neural responses to dynamic tasks involved in physical therapy,
including clinical populations such as stroke that may involve vascular pathophysiology.
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CHAPTER 6
CONCLUSION AND FUTURE DIRECTIONS

This dissertation is a pioneer study in the implementation of fNIRS for the investigation of
cortical reorganization and vascular physiology in a human SCI population. It is also one
of the first studies to comprehensively examine the structural and functional alterations of
the brain in humans with SCI using multiple neuroimaging modalities. First, MRI scans
from 23 healthy participants and 36 individuals with complete SCI within two years of
injury were used to demonstrate that both injury level and duration since injury are
important factors contributing to recovery. The structural alterations in the first two years
after injury also prevailed beyond the sensorimotor system in higher-order systems such as
salience and emotion processing. Likewise, fMRI scans from the same cohort showed that
changes in the intrinsic connectivity of the thalamocortical system also extend beyond the
sensorimotor nuclei and are dynamic during the first two years after injury.
Test-retest reliability of hemodynamic measures from 16 young healthy
participants randomly chosen from a pool of 42 participants indicated fair to very good
reliability for resting-state, task and cerebrovascular reactivity measures. Lastly, using the
hemodynamic data from 13 healthy participants and 13 individuals with chronic paraplegic
SCI, it was observed that SCI group, in spite of their inability to perform the movement,
retained cortical activity in response to attempted ankle movement-perhaps representing a
top-down command to initiate movement. The breath hold response also indicated a
compromised hemodynamic response to hypercapnia in paraplegic SCI group including
people with lower levels of injury (below T6). The sensitivity and reliability of
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hemodynamic measures from fNIRS to static and dynamic stimuli is encouraging and
opens new avenues of rehabilitation research in SCI using fNIRS modality. Lastly, this
dissertation has established that the retrograde effects of spinal deafferentation on the
structural and functional dynamics of the brain are evident not only two years after injury
but also decades after the injury.

6.1 Implications of Current Findings
The immediate treatment strategy for SCI during the sub-acute stage usually focuses only
on damage control to the site of injury where the goal is to minimize tissue damage,
inflammation, hypoxia and spinal shock to prevent and contain imminent nerve
degeneration1. The supraspinal pathophysiological consequence of SCI is thus far less
crucial to the immediate treatment after SCI. However, the structural and anatomical
findings during the chronic stage are tremendously valuable to the longitudinal inference
of injury outcome. Further investigation of the cause-effect relationship between early
treatment and long-term pathophysiology could shed light on the evolution of these
changes and improve the prognosis of patients with SCI.
In the light of such potential, evidence from Aim 1 of this dissertation highlights
the importance of 1) examining the global effects of injury without confining to
sensorimotor deficits, 2) taking into account the effect of level of injury and 3) the
importance of early intervention. Marked difference in cortical atrophy of salience and pain
processing regions found in people with paraplegia when compared to tetraplegia
highlights the significance of level of injury. If greater tissue density is associated with
better function, then people with paraplegia ought to experience less severe impairments
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in the functions associated with these regions. However, no conclusive evidence exists to
suggest differences in the prevalence of maladaptive outcomes or salience detection
between paraplegic and tetraplegic groups. It is possible that people with lower level of
injury due to greater residual musculature experience more spontaneous recovery and may
be more receptive to physical therapy. Alterations within the salience or emotional
processing system could be dependent on deficits in mobility and sensation. However,
whether or not rehabilitative therapy or other pharmacological treatment targeting motor
deficits exhibit secondary effects on emotional/pain and salience processing remains
inconclusive.
Results from Aim 2 showed significant changes in the functional dynamics of the
thalamus, notably in the higher-order nuclei of paraplegic SCI group. This finding could
help better understand the relationship between thalamocortical activity and chronic pain.
Regardless of the cause of these changes, one can speculate how altered thalamocortical
activity in regions of salience and nociceptive processing could reveal mechanisms specific
to the different secondary sensory abnormalities. For instance, visceral pain condition
associated with autonomic processing, unlike neuropathic or nociceptive pain, develops
much later (~4 years) after the injury and may involve differential thalamocortical
connectivity than neuropathic pain6. Thus, it is believed that results from this dissertation
would encourage future studies to examine the role of different thalamic sub nuclei in the
generation of different pain conditions; as well as serve as a benchmark to future studies
examining the involvement of thalamus in chronic pain or other maladaptive outcomes of
SCI recovery during chronic stages.
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The last most significant contribution of this dissertation towards understanding the
cortical mechanisms of SCI is the validation of fNIRS to reliably measure brain function
in individuals with SCI and HC, during both dynamic and static tasks. This validation paves
the way for future research to implement fNIRS to study more dynamic tasks in the SCI
population. A positive response to attempted ankle tapping in SCI group indicates a 1)
intact cortical activation to planning and 2) the sensitivity of fNIRS to record small
variations in hemodynamics in response to movement. The abnormal breath hold response
in the paraplegic SCI group, including people with injury below T6 (asymptomatic
individuals with lower-level injury), strongly suggests that even mild autonomic
impairment could affect neurovascular measures of brain function. This evidence urges
future studies to account for vascular differences in SCI population while measuring
changes in brain function. More importantly, the hemodynamic response of sensorimotor
regions to various tasks such as rest, breath hold, and the different motor tasks can serve
as a benchmark for future studies employing fNIRS in other neurological conditions
including the ones involving vascular pathology. In brief, fNIRS could be an effective and
economical neuroimaging technique to assess the cortical correlates of different
rehabilitation therapies that require extensive longitudinal testing in a real-world setting.

6.2 fMRI vs. fNIRS in Spinal Cord Injury
MRI and fMRI have been favored over other imaging techniques due to its high spatial
resolution, ability to study deep-seated structures and non-ionizing nature49. The novelty
permissible in fMRI to investigate the whole brain with or without an exogenous stimulus
also makes it an ideal technique for clinical populations whose effects are usually
heterogenous. This is illustrated in Chapter 3 of this dissertation, which discusses the
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reorganization of the whole brain (both sensorimotor and non-sensorimotor) after SCI
using a single resting-state fMRI scan. But even with superior resolution, investigating the
subcortical structures using fMRI carries significant challenges due to its small size,
inferior signal quality and the lack of comprehensive atlases involving the subcortical
areas213. Despite these constraints, the ICA based parcellation technique employed in this
dissertation using resting-state scans obtained from a 1.5 Tesla MRI scanner generated
thalamic sub-nuclei maps that compare qualitatively well with the anatomical boundaries
of the thalamus. Nonetheless, caution must be taken when examining and interpreting
findings from subcortical areas, especially with smaller structures. Ideally, a higher
magnetic strength and a higher spatial resolution could both improve the accuracy of
mapping subcortical structures using fMRI. Findings from Chapter 4 using fNIRS
demonstrate that it may also be a viable technique to differentiate spatial activity within
the regions of a neuroanatomical system, especially beneficial when the goal is to quantify
changes in the HbO, HbR and HbT concentration. Though of course, whole-brain mapping
cannot be achieved using fNIRS due to its limited depth penetration into the cortex (5-8
mm) and low spatial resolution (~1 cm) making it suitable for mapping only the superficial
layers of the cortex.
As discussed in Chapter 4, the BOLD signal or any neuronal recording measured
based on the principle of neurovascular coupling may involve heterogeneity introduced by
large vessels as well as inter-subject differences in vascular dynamics. As a result, a
modified fMRI sequence or hypercapnia may be applied in combination with fMRI to
attain more than one physiological measure. For example, arterial spinal labelling can be
used in conjunction with task-based fMRI to measure perfusion in addition to task-induced
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BOLD activity of SCI patients; or, hypercapnia can be implemented in combination with
fMRI to record the task-evoked activity and the cerebrovascular reactivity of the cortical
regions of SCI patients. Results from Chapter 4 of this dissertation demonstrated that the
same hypercapnic method can be applied using fNIRS and in fact may additionally allow
one to explore the spatio-temporal characteristics of hemodynamic response to hypercapnia
as a means to understand the vascular physiology more meticulously.
The downside of fMRI is its inability to accommodate and test naturalistic
movements such as walking involved in the rehabilitative therapy of SCI or other
neuromuscular and neurodegenerative injuries. The blood physiological response to
movements may also slightly differ between supine and upright/standing position that may
be further exaggerated in SCI patients with below-normal mean arterial pressure. Due to
its mechanical design, fNIRS is an economical and portable technique that allows the
participant to interact with the environment as in real life. Temporal and spatial distribution
of activity in HC and SCI groups during finger and ankle movement in an upright sitting
position suggest that fNIRS may also be useful to identify differential activity associated
to a dynamic movement such as walking. For instance, a study by Mehrholz and colleagues
combined biomechanical measures with cortical measures to assess how robot or bodyweight assisted physical training differed from over ground gait training in SCI patients
214

; moreover, it enables the examination of hemodynamic activity at a temporal resolution

greater than fMRI and spatial resolution better than electroencephalography31. fNIRS also
permits the quantification of individual hemoglobin changes viz. HbO, HbR, HbT
concentration in micro Molar units in upright sitting position, which is not feasible using
fMRI equipment.
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In conclusion, the benefits of fMRI are numerous and well-established, but the
choice of imaging modality is a trade-off that is settled based on the specific research
question. Both modalities allow plenty of novel investigative approaches. For instance,
fMRI could be beneficial for exploratory studies examining the less-understood
neurological mechanisms of emotional intelligence, salience detection or abnormal pain
processing/phantom limb syndrome. Whereas fNIRS could be a suitable approach to
monitor cortical motor activity, measure cortical correlates of cognitive impairments such
as decreased attention and working memory in SCI patients. Further, combining
neuroimaging measures (preferably fNIRS due to reduced cost and setup) with
biomechanical and clinical measures could help understand the implications of
neuroimaging measures on the neuropathology of SCI.

6.3 Limitations and Future Directions
Several limitations in the methodology and the research process employed in this
dissertation must be noted. First, using structural MRI, the study lacked information on the
patient’s course of rehabilitation and pain status, and hence limited the functional
interpretation of the results. As mentioned earlier, the lack of patient information regarding
the functional recovery levels, pain status and physical therapy limits the functional and
behavioral interpretation of the results. Hence, future studies may wish to explore further
into the effect of rehabilitation, neuropathic pain levels and somatosensory abnormalities
on the brain functional connectivity of SCI population.
The application of fNIRS to examine the cerebrovascular reactivity and
neurovascular activity in people with SCI is novel but also introductory and therefore carry
some inherent limitations. Future work examining the response associated with various
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task types, methodology and vascular constraints could improve the robustness and
reliability of hemodynamic responses measured using fNIRS. There is great potential to
improve the methodology in a larger sample and investigate longitudinal changes in brain
activity. Concurrent fMRI and fNIRS can also cross-validate the fNIRS findings and thus
solidify the foundation of fNIRS implementation in mapping brain activity in clinical
populations.
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